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ABSTRACT

The successful prediction of the performance of a new or modified air-
craft depends heavily on an accurate estimation of its 1ift and drag. The
present work represents an effort to.teduce the cruise drag of light aircraft
through an analytical study of the contributions to the diag arising from the
shape of the engine cowl and the forward fuselage area and also that resulting
from the cooling air mass flow through intake and exhaust sites on the nacelle.
It contains descriptions of the methods employed for the calculation of the
potential flow about an arbitrary three-dimensional body with modifications
to include the effects of boundary layer displacement thickness, a nonuniform
onset flow field (such as that due to a rotating propeller), and the presence
of air intakes and exhausts. It also contains a simple, reliable, largely
automated scheme to better define or change the shape of a'body.

A technique has been developed which can yield physically-acceptable skin~-
friction and pressure drag coefficients for isolated light aircraft bodies.

For test cases on a blunt-nose Cessna 182 fuselage, the technique predicted
drag reductions as much as 28.5% by body recontouring and proper placements

and sizing of the cobling air intakes and exhausts.
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INTRODUCTION 1

The successful prediction of the performance of a new or modified air-

craft depends heavily on an accurate estimation of its lift and drag. Although

the importance of these data is recognized, many light aircraft manufacturers }

and most universities continue to depend essentially on the semi-empirical

PO

correlations ©¢ wind tunnel and flight test data along with personal rules of
thumb in order to develop these estimates.

For some time sophisticated techniques utilizing high-speed digital com- -
puters have been avail#ble to predict the performance characteristics of light

aircraft. Although quite accurate, most of these techniques consume large

amounts of computational time and computer core storage. Several attempts - o
some successful - have been made within the last five to ten years to reduce
the time required to perform these estimates without siganificant sacrifices

in accuracy. These technological.advances provide suitable starting points

for the designer to '"test" new or modified aircraft shapes without the expen- i
sive and time-consuming wind tunnel and flight tests.

The present work represents an effort to reduce the cruise drag of light
aircraft through an analytical study of the contributions to the drag arising
from the engine cowl shape and the forward fuselage area and as well as that |

due to the cooling air mass. flowing through intake and exhaust sites on the

et atmd sl s o ot

nacelle. Since efficient fuel use is an increasingly important factor in
general aviation operations, any design procedure which can lower the fuel
consumption of a variety of aircraft through a drag clean-up is a welcomed

advance in technology.
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This report contains descriptions of. the methods.employed for tie calcu-
lation of the potential flow about an arbitrary three~-dimensional body with
appropriate modifications to include the effects of (a) the boundary layer .. ’

over the body, (b) a nonuniform onset flow field about the body - typically

e e, e ¢

produced by a rotating propeller, and (c) the presence of air intake and
exhaust sites on the body for engine cooling purposes. The basic potential
flow solution is accomplished by a solution of a Fredholm equation of the ;
second kind, while the effects of the boundary layer, the nonuniform flow k
field, and the air intake and exhaust sites are included as the boundary con- .
ditions to the Fredholm equatioh.

As an aid in the preparation of the input data to potential flow calcu- ]

lations, this report also discusses a simple, reliable, largely automated

& e L i

geometry scheme to augment and/or to modify the body shape information by

various techniques. Being expenditious and inexpensive, this scheme - a

— e K

digital computer program - is a valuable tool to the researcher who wishes
to better define or change the shape of a complete body or of regions on the

body of particular interest before beginning the potential flow calculations.
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THEORETICAL APPROACH OF HESS. AND SMITH FOR
CALCULATION OF POTENTIAL FLOW ABOUT THREE-
DIMENSIONAL NON-LIFTING BODIES BY A SURFACE

SOURCE-DENSITY DISTRIBUTION METHOD

The problem under consideration {g that of the potential flow of an
incompressible, inviscid fluid about an arbitrary three-dimensional body.

1f the f£luid density is constant and the viscosity is zero, the general

Navier-Stokes equations reduce to the Eulerian equations of motion

-g—f— + (V . g_rad)V - -»%— grad p (L

where ¥ is the fluid velocity at any point, p is the constant fluid demsity,

and p is the fluid pressure. The continuity equation becomes
div(¥) = 0 (2)

All body forces are assumed to be conservative and their potentials absorbed
in the pressure. Therefore equations (1) and (2) are valid expressions for

the flow field exterior to the boundary surfaces.

In order to discuss the flow about a three-dimensional body surface, let
R' denote the exterior flow field and S denote the surface of the body (also

the boundary of the region R). The body is assumed to have a surface repre-

sented by an equation of the form
8(x,y,2) = 0 _ (3)

where x, y, and z are the Cartesian coordinates as depicted in Figure 1. Under

the assumption that the location of ail boundary surfaces are known and that

P . T el e b




Figure 1. Body surface represented by an equation
of the form S(x,y,z) = 0O

the normal component of fluid velocity is prescribed on these boundaries,

the boundary conditions may be given as

where n is the unit outward normal vector at a point on S and F is a known
function of position or time or both. To be complete, a regularity condition
at infinity must be imposed for the exterior flow problem.. The onset flow V;
is assumed to be a uniform stream of unit magnitude; however, this restriction
is not essential to the general derivation.

It should be noted that the above equations do not define a potential
flow. Since potential flow is a consequence of the condition of irrotation-

ality, the usual approach to determine the equations of potential flow is to
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assume that the velogi:y”gield ¥ 1s irrotational and therefore the velocity.

field can be expressed as the negative gradient of a scalar potential function

¢.
Letting the velocity field V be the sum of the uniform, incompressible

onset flow V; and the perturbation velocity field 3 due to the surface

boundaries, then

VeV ++ | | (5)

where
V= -.grad ) (6)

Since the onset flow and the perturbation flow are_incompressible, the con-

tinuity equation (2) is satisfied:

div(¥ ) = 0
= div&) =0
div(y) =0

As expected, the potential ¢ satisfies Laplace's equation
v2 = 0 Q)

in the region R' exterior to surface S. By equation (4) the boundary condi-

tions on ¢ become

Bl o 3 -F (8)

->

grad ¢ ° n|a iy . IB
8

and the regularity condition for the exterior problem becomes

|grad 4| + 0 at infinity (9)
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; Therefore equations (7), (8), and (9) represent the nccessary potential flow

equations to be solved.
As demonstrated above, potential flow is derived from the fact that che

velocity field is determined by the continuity equation (2) and the condition

qf irrotationality (6). Thus equation (1) is not used, and the velocity may

be determined independently of the pressure. Even though Laplace's equation

(7) is the simplest and best known of all partial differential equations, the

number of useful exact analytical solutions is quite small because of the dif-.

:
i
{
.

ficulty in satisfying the boundary conditions. Therefore irdirect* methods of
solution must be used to give satisfactory results from the various prescribed
body surfaces and boundary conditionms.

The reduction of the problem to an integral equation for a source-density
distribution on the body surface can be accomplished by the use of Green's
theorem. The problem now is to reduce the potential flow equations (7), (8),

and (9) to an integral equation. For a single three-dimensional body, con- .

sider a unit point source located at a point q whose Cartesian coordinates
are xq, yq, and zq in Figure 2. At a point P with coordinates x, y, and z,

the potential due to this source is Eo

1

) (10

where r(P,q) is the distance between points P and q. The solution is

*Indirect or exact numerical methods contain the exact analytical foruulation
to the problem and have the property that the errors in the calculated results i
can be made as small as desired by refining the numerical procedures. Approx-
imate methods contain analytical approximations in the formulation itself and
thus places an ancuracy limit on the results regardless of the numerical pro-
cedures used. :
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Figure 2. Notation used in describing the surface
source-distribution potential

n Ak o s

constructed of elementary potentials of the above form of an ensemble of

sources. The resulting potential satisfies equation (9) and satisfies equa-
tion (7) at all points except q. Because of the linearity cf the problem,
such a potential that is internal or upon the boundary surface S satisfies

equation (9) and setisfies equation (7) in the region R' that is external to

[OOSR . 7 T S Y S

S. It is of considerable importance to.determine the potential of a contin-

uous source distribution on the surface S. ‘)

Let o(q) be the local source distribution intensity, where the point q ' R

now represents a general point on the surface S. The potential of this dis-

tribution is

6 “4:}5?%% ds (11)




By the procadure given by Kellugg [3], the perturbation potential is given by

equation (11) is differentiated, and the boundary condition (8) applied to it

\

by permitting the point P to approach a.point.q on the surface S, The result ' ;

is the following integral equation for the source-density distribution o(p):

210 (p) -#-g—;[;(—:;ra]o(q)ds --R(p) V +F (12)
5

where %; denotes differentiation in the direction of the outward normal to the

surface S§ at the point p, and ;(p) is the unit outward normal vector (written

TR PN ST TR AN T T e, T e Y

explicitly to show its dependence on location). Equation (12) is a Fredholm

integral equation of the second kind over the boundary surface S. , ) ".:;
The method of solution of Equation (12) is demanded to be numerical rather
than analytical by the fact that the domain of integration is completely arbi-

trary. The solution can be accomplished by first representing the body

S N ot S R B

: f surface by a large number of small quadrilateral elements or 'panels" (Figure. A
ﬁ : 3). On each quadrilateral a control point is selected (usually the centroid)
where the boundary condition is to be satisfied and where surface velocities 5
are eventually calculated. A "matrix of influence coefficients', consisting

of the complete set of velocities induced by the panels at each other's con- C
trol points, is then determined. The integral equation (12) is now approxi;

mated by a set oy linear algebraic equations for the values of the source

strengths on the panels. Since each panel is assumed to have an independent

value of constant source strength, the number of unknown parameters (source
strengths) equals the number of panels or, more specifically, the number of

linear equations. Once the source strengths are determined, the desired flow

-

parameters may be calculated. This implementation renders the method as

numerically “exact" and applicable to any arbitrary non-1ifting body.

=
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BOUNDARY. LAYER SIMULATION FOR BODIES
IN AN INVISCID POTENTIAL FLOW FIELD

Because of the considerations of large computation times, an "exact"
numerical solution of the complete Navier-Stokes equations is not feasible at
this time. Yet the problem of determining the characteristics of a boundary
layer flowing over a general, three~dimensional body is of great interest if
real viscous flow effects are to be approximated.

For essentially unseparated flow about a body at practical Reynolds
numbers, the effects of viscosity are 1mp§rtant only in a very thin boundary
layer adjacent to the body's surface and in‘a thin wake downstream of the
body. The following discussion will be restricted to the low-gpeed regime
where the flow is incompressible or where the compressibility effects are
sufficiently small to be handled by simple correction to an incompressible
flow method.

Smetana et al. [4] and Hess [5] utilized a method of a two~dimensional
boundary layer simulation technique expounded by Lighthill [6]. This method,
that of surface displacement or flow reduction, essentially consists of pro-
ducing a thicker body by adding the boundary layer displacement thickness to
the original body in the direction along the local normal to the body surface.
The potential flow about this modified body is thus the desired potential flow
to approximate viscous flow effects. This method is reasonably accurate if
the body's cross-sectional area and volume do not change rapidly in the stream-
wise direction, 1if no significant pressure gradients exist in the cross flow

direction, and if the wake 1s adequately modeled (see Smetana et al. [4], pp.
125-132).
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Since the present work is essentially an extension of the work of Smetana
et al. [4] of approximating real flows about light aircraft fuselages with an
inviscid, incompressible flow method, their procedure for the calculation of the
displacement thickness, wall shear, and, ultimately, the 1lift and drag on a
fuselage will be discussed briefly. It should be pointed out that a fuselage
is generally considered to be a body with a plane or symmetry (normally the
x-z plane) rather than an axis of symmetry. Effectively, this consideration
simplifies the implementation of the method but also restricts its generality.

Under certain conditions, as mentioned above, the three-dimensional
boundary layer equations can be reduced to “gimpler" two-dimensional equations
written in a general curvilinear coordinaﬁe system which describe the fuselage
surface. By representing the fuselage locally by a section of a prolate
spheroid with its major axis aligned with the local streamline® and its center-
in the x-z plane, the direction and magnitude of the flow velocity at one point
on each panel may be determined by the induced velocity equations (6). At the
points where the boundary condition (8) is to be satisfied; these vectors (the
streamlines) whose directions are the flow directions and whose lengths are
proportional to the flow magnitudes can be easily determined. The method of

isoclines may be used to sketch these streamlines; however, for computational
purposes it is desirable to describe these lines in a more analytical fashion
by assuming that for a given panel the flow direction across this panel is

constant and that the quantity of flow is dependent on the distance and average

*To adjacent streamlines form the boundaries of the flow of a given quan-
tity of fluid. From the magnitude and direction of the flow over the surface,
the position of these streamlines on the body may be determined.

11
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velocity between adjacent streamlines., Therefore it is noted that since the
quantity of fluid between two streamlines is always constant, the flow velocity
is increased for converging streamlines and is decreased for diverging stream-
lines. Also, this assumption is seen to be true only for infinitesimal panel
sizes.

After fitting a section of the prolate spheriod to a section of the fuse-
lage, as described by Smetana et al. [4], the boundary layer equations written
in general curvilinear coordinates are used with the local values of the sec-
tion to determine the effects of body curvature on the displacement thickness
and wall shear using a momentum integral formulation. At'fhis point, the
necessary means to describe the local stfeamwiae and crossflow coordinates on
the body in terms of the reference coordinate system are available (as well
as to write the boundary layer equations in a general curvilinear coordinate
system) .

To preserve the metrics of the general curvilinear coordinate system, the
displacement thickness must be added normal to the body sufface. In essence,
a surface panel is translated parallel to its normal vector by an amount equal
to the value of the displacement thickness calculated at the point where the
boundary condition was satisfied. As shown in Figure 4, adjacent panels after
the addition of the displacement thicknesses may not have coincident edges.
This difficulty is quickly eliminated by simply averaging the new edge points
1 and 2 to yield a new point, It is also observed in Figure 5 that a single
line* dividing two strips of elements now becomes two lines. Again this dif-

ficulty is remedied by averaging corresponding points on these lines to yield

® ‘

The connotation used above of '"line" or "lines" actually represent a curve or
curves in three-dimeneional space. The sole purpose of this usage is the
simplicity in viewing.

12
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5' Figure 4. Displacement thickness addition to & body
: a single line. A word of caution should be mentioned at this point. It is . 1
recognized in Figures 4 and 5 that the averaging procedure can translate and 1

rotate the panels. Therefore the metrics of the general curvilinear coordinate

: : system are no longer preserved. The error introduced may be quite significant

if the surface curvature varies rapidly from panel to adjacent panels.

o Tt L et i aw i

Since this method for determining the pressures and velocities over the

surface of the body is an inviscid one, it always places a stagnation.point at

the downstream end of the closed body. As a result, the method predicts stag--

[P

nation pressures at the aft end of the body in what is physically a wake region.

The pressures in this wake region is generally less than atmospheric. This

P T

relatively low pressure on the aft portion of the body as opposed to the high

13
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Figure 5. Illustration of separated strips of elements

pressure region near the nose resolves into a force acting in the flow direc~
tion which is commonly known as form or pressure drag. It is apparent that

for bodies producing regions of flow separation a reasonably accurate model

to represent the wake effects must be used if meaningful drag results are to

be obtained.

Smetana et al. [4) replaced the physical wake by a solid extension of the
physical body since the wake may be considered as a region of "dead" air

relative to the remaining flow field. They also assumed, rather arbitrarily,

14
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that this solid extension (or wake-body) begins at about the last ten percent
of the length.of the physical body, and that the wake=body surface gradually

fairs via an expontential function.
The surface of this wake-body is assigned quadrilaterals or panels of

approximately the same area as those on the physical body, as depicted in

Figure 6.

T

Figure 6. Definition of wake body

The pressures, as determined by the inviscid flow method, on_those panels of
the wake-body which lie immediately above the equivalent panels on the physical
body are applied to the panels on the physical body along the normals to the
physical body. The pressures are integrated over the body surface, and the
resulting forces acting on the physical body can be summed to find a lift and
a drag. Since the pressures on the upstream portion of the wake-body will
generally be less than those on the rear of the physical body according to the
jnviscid flow computation, the integration of forces will indicate a net drag
on the body. The total drag on the .body is, of course, the sua of the pressure

drag and the skin friction drag.
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The method discussed above is theraby characterized by the following steps:

(1) The surface of the isolated fuselage is represented by a sufficiently
large number of quadrilaterals or four-sided panels.

(2) All four corners of the panel are moved into the same plane through | \
a procedure which determines the direction of the normal.

(3) A source of undetermined strength is placed on each panel, and the

prescribed normal boundary condition is required to be satisfied.
(4) The resulting system of equations are solved for the source strengths.

(5) The velocity over the body surface is calculated, and the streamlines

and surface pressures are determined.

i (6) Two-dimensional, momentum-integral-type boundary layer computations

: are performed along streamlines to find the local values of displace-

ment thickness and wall shear.

e

(7) The wall shear is integrated over the surface to find the skin fric-

] tion drag of the isolated fuselage.

TUTRRY
N e S

(8) The body shape is modified by attaching a wake-bo&y toward the trail-
ing edge and by accounting for the displacement thickness effects.
(9) A new set of source strengths and surface pressures corresponding , ]
to the wake-body shape is calculated. ‘ {
(10) The surface pressures are integrated to find the 1ift and pressure

drag.

(11) The total drag is determined from the sum of the skin friction drag

and the pressure drag..

This method does have imposed restrictions and limitations as discussed

.o .‘.<n‘. D ¢ o

in [4]. It should be observed that the boundary-layer computations were allowed

to iterate only once because of the great amount of work involved in successively

16
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modifying the .body shape to account for displacement thickness effects. The
displacement thickness ovar the forward. part of the body 1is usually small and
the use made of this information over the aft portion of the body in the present Z

method's drag calculations is rather approximate. If the fuselage geometry is

adequately presented to the inviscid flow field computation or if pressure S '1
gradients are such that flow separation is imminent only over the far aft por- | ]
tion of the body, the calculated results are quite acceptable and compare very ;
well to experimental results. Otherwise, the user must examine the results a

with caution and, based on experiments and engineering judgement, decide their

ol

reliability.

sin saralle ot
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PROPELLER WAKE SIMULATION

Y Flow visualizations of a typical wake (or slipstresm) generated Sy an : %

aircraft propeller verify that proper modeling of guch a phenomenon is

mathematically extremely di1£ficult, if not iﬁponciblc. For decades investi-

attempt to develop adequate

et i

gators have been studying this problem in. the

mathematical models to.predict the flow characteristics within the wake and

_Significant advancements have been

summarized by Stepniewski [(71.

:

i

E

g

[ the wake's influence on its surroundings.
f made through the research on helicopter rotors,
s

|

|

1

&

|
Effectively, the wake of helicopter rotors (in the hovering mode) may be con- ' ‘ 5?

gidered to be synonymous with that of aircraft propellers, assuming of course

f that their differences are noted and understood. i

It is not the intent of this report to expound on the various methods 4

devised through the decades or to present a new one. It is of concern to

simulate the effects of a propeller-like wake upon the inviscid potentiél flow
calculations of a three-dimensional body, namely, an aircraft fuselage or

nacelle. The method to be utilized is that commonly known as a prescribed,

rigid wake.* i
In the study of wake structures, vortex theory 1is especially useful gince o

the observed behavior of physical wakes can be mathematically explained through

its fundamental concepts. Classical expressions of the Biot~Savart law can be

- e g e

is one that is defined empirically rather than allowing it

®
A prescribed wake
A rigid wake is one that remains invariable with time.

to form freely.

18
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applied when establishing the relationships between the strength and geometry
of the vortices, and the velocities induced by them in the surrounding £l .,
The basic definitions and laws of vortex motion will be presently stated for
later convenience.
Even though one of the principal characteristics of ideal-fluid motion
is its irrotationality, it is often necessary to consider flows in which a
few points, lines, or regions of locally rotational flow exit. It is often
possible to analyze viscous fluid motions as being irrotational, except at
the locations where the rotation 1s concentrated.
The vorticity vector is simply defined to be twice the fluid rotation
vector or to be the curl of the velocity §ector. A vortex line is a line in

the fluid giving the direction of the vorticity at every point on that line.

A vortex tube is a tube of finite cross-sectional area on whose surface (known

as a vortex surface) the vorticity vector is always tangential. A vortex fila-

ment is a "vortex tube" with an infinitesimal cross-sectional area, whose axis

is a vortex line, and a finite value of circulation.
The behavior of vortex filaments in an ideal fluid 1is governed by the
following theorems or laws of Helmholtz and Kelvin:
1. The strength of vortex filament or tube is invariant at all cross
sections along the axis,
2. A vortex filament or tube cannot end in the fluid; that is, it musi
extend to the boundaries of the motion or form a closed loop.
3. 1f an inviscid fluid, subject to conservative external torces, is
originally irrotational, it will remain irrotational.
As the tool for the determination of the induced flow field of a threc-

dimensional vortex system, the Biot-Savart law can be developed by using the

19




concept of a vortex filament. _Consider_an arbitrary filament L curving

through space (Figure 7). The incremental velocity dv induced at a point P

Figure 7. Velocity induction by element of
three-dimensioual ring vortex

PO Y

by an element df of the filament L of circulation strength I' is
i &v = (r/4myad x /a3 . an

The. tutal induced velocity at point P is

Vo= (P/lm)Cf? (@l x 374 (14)
L .

T R, < P Py e S,
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line of the filament L in the direction ofndz with_.a clockwise circulation
around L, and 3 1s the distance between the point P and the element di. As
indicated in the above figure and by the cross product dt x 3. the velocity

increment (13) due to the element is perpendicular to the plane of 4 and di.

Baskin et al. [8] suggested the following procedure: The induced velocity

vector (14) is resolved into the Cartesian components u, V, and w along the x,

y, and z axes, respectively. Let thg'equation,of the line L be given in the

parametric form

g =£(8) , n =n() , g = 5(8) ' (15)

where 6_is the parameter (being suggestive as an angle for the curved filament).

As the parameter § varies from its initial value ei to its final value ef,

point Q(g,n,z) describes the curve L. The vectors d and dz can be expressed as

d=a-0i+G-Ni+ -2k
(16)
at = %5 o)t + (g do)] + (-'* de)k
where i, 3, and i are unit vectors of the %, y, 2z coordinate system.
Substituting the above expression into (14), the x, y, and z components

of the induced velocity are determined to be

6

uw= b j 192z - o) - § (Y-n)]de (17)
!
%f
J (Lix - 6) - oz - cn-;‘-",- (18)
i :
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1
where
dox- (g -m)it -0, (20)

Emanating from the blades of the propéller, free yortices form the wake.
These free vortices can be subdivided into shed vortices which, at the moment
of leaving the bhlade, are parallel to its axis, and trailing vortices outflow-
ing along the blade span in the direction either perpendicular or approximately :

perpendicular to the blade axis as depicted bty Figure 8. Among the trailing

vortices, the tip vortices (those leaving the blade tips) usually dominate the

M cnelr

N

DT SO Tr ) = T A SN S

BOUND VORTEX

ROOT VORTEX

Figure 8. Formation of the wake by free vortices
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‘ﬁ flow picture in all regions of operation, In the complete vortex system the

a2 shed and trailing vortices may form a surface of vorticity of a generally

helical shape behind each blade as indicated by Figure 9.

Te T e
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BOUND VORTEX
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F
: Figure 9. Helical-shaped surface of vorticity

ey

@ E
a A
x 4
It is easy to comprehend that, in reality, the geometry of the wake and .the ;
strengths of the vortices forming that wake may vary with time because of the
interaction between the vortices, flow fluctuations, blade rotation, etc.
P

In this report a simple concept* of the wake will be used since the sole

purpose of the simulation is to superimpose the resulting nonuniform induced _i

flow field on a three-dimensional body for an inviscid potential flow calcu- ;

lation. Since the tip vortices are most prevalent, it seems natural to assume

*

More sophisticated physicomathematical methods for modeling the wake structure
are available for computer implementation. These techniques, as applied to -
the analysis of helicopter rotors, are discussed by Stepniewski [7].
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that the circulation around the blade remains nearly constant along its entire
span and to approximate the wake structure by modeling only the tip vortices.. .

The tip vortices will trace out roughly the paths traveled by the tips of the

propeller blades. For a two-bladed propeller, Figure 10 represents the system

of trailing vortices of a propeller with a constant circulation from the root

to the tip of the blades.

o e

Figure 10. System of trailing vortices of a propeller
with a constant circulation

These vortex lines or filaments constitute the slipstream kwake), and the fluid
motion in this slipstream can be determined as the induced velocity of the l i
system of vortices. The fluid in the slipstream has an increased axial velocity, |
and the rotational velocity is in the same sense as the rotation of the propel-

ler. Therefore, the general behavior of the flow is the same as that postulated

by the momentum tlLeory. 1
Physically, the strength of the circulation will vary along the blade. ;

Due to this variation, trailing vortices will arise, not only at the root and

tip of the blade, but from every point of its trailing edge as shown in Figures 1

8 and 9. Since the induced velocity of a system of helical-shaped vortex sur-

faces which constitute the propeller's slipstream is difficult to calculate,

24
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the usual procedure is to assume that the propeller has a very large number of
blades or that the propeller .has a near-zero advance angle. This assumption

implies that the vorticity of the slipstream is distributed throughout the

system instead of being concentrated on a small number of vortex surfaces.

Instead of the helical surfaces, the slipstream may be considered as a ﬁ

close succession of vortex rings. These vortex rings can be applied to and

within the boundaries of the slipstream as shown in Figure 1l. ‘
r SLIPSTREAM. BOUNDARIES

RECTILINEAR VORTEX C

\— RING VORTICES

N o e e

* Figure 11. Application of vortex rings

The vortex rings applied at the boundaries of the slipstream represent the tip

vortices while those applied within the boundaries represent the trailing

vortices springing from the blade due to the variation of circulation along

the blade. The vorticity of such systems of vortex rings represents the in-

8 creased axial velocity of the slipstream, and the vorticity of the rectilinear

vortex, constituting the sum of the root trailing vortices, represents the

RO |

rotation of the slipstream. The whole slipstream can be considered to be full
of vortex systems of this simple type.
1f the slipstream i3 allowed to contract as it would in real flows, the

condition of continuity of the flow requires that the axial velocity and the

USRS~ S USSP




j angular velocity must increase as the radius of the slipstream. decreases. If

ultimate wake must be equal to twice that at the plane of the propeller.¥

/
i
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{
the contraction of the slipstream can be ignored, the axial. velocity in the i
\

This result is exactly that found by the momentum theory for propellers [9].

According to the theorems of Helmholtz and Kelvin, there is no exchange i
of either mass or momentum between the vortex filament and the rest of the
fluid. Hence, if a vortex filament were located in a mass of moving £fluid,

; it would move with the fluid. Thus velocity fields induced by a system of

A e Bt B 10T e

vortices can, in_turn, produce motion of thosz vortices belonging to the

el

3
ﬁ system.
>
-

At this point it is informative to discuss the motion of ring vortices
: if the vortices are free to convect in the fluid. For a single ring vortex

(Figure 12a), the streamlines of the induced velocity (Figure 12b) may be

OO

divided into their velocity components and vectorially summed to obtain only

an axially-directed velocity, since the y- and z~-components sum.to zero.

Therefore, a single ring vortex translates along its axis due to its own

PR T N

induced velocity field.

The motion of two ring vortices of equal strength, size, and sense on the

same axis is easily comprehended by considering their mutual influences. Each

ring induces components of velocity into the core of the other as sketched for

a meridional plane in Figure 13, The forward ring receives an outward induced

s

*w1th no slipstream contraction, the vortex system is simply a long cylinder
of vorticity extending indefinitely in one direction from the propeller disc.
The induced axial velocity at a point in the wake, where the cylinder extends
indefinitely in both directions, nust be double that at the corresponding
point in the propeller disc.

o o e
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Figure 12. Motion of a single ring vortex

*3:
3+
’..

Lol T,

Figure 13. Mutual influences of two ring vortices

velocity component, while the rearward ring receives an inward component. As

its diameter increases, the forward ring decreases in speed, according to

equation (14), while for the same reason the rearward ring increases in speed

27
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due to its decreasing diametexr. Soon the smaller, faster rearward ring passes

through the larger, slower forward ring. The roles_of the vortices are now
reversed. The smaller ring enlarges and its speed decreases, while the larger
one decreases in diameter and speeds up. This leapfrog process, sketched in

Figure 14, continues endlessly in an inviscid fluid,

Y
\' 7
—
(a)

(%)

(d)

Figure 14. Leapfrog action of two free vortex rings

In the present method the propeller is assumed to have a large number. of
blades. The approaching flow to the propeller is to be steady and uniform,
while the receding flow within the propeller wake is to be nonuniform. The
wake is also assumed to be a three-dimensionally rigid and prescribed one

consisting of a succession of ring vortices representing only the trailing
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vortices, with the exception of the root trailing vortices, emanating from

5 along the span of the blades. The root trailing vortices, which are simply

g rectilinear vortices coexiting along the propeller axis, would be the primary .
é contributors to the angular motion of the slipstream, and there are basically ; }
? two reasons for not including them in this method. The first and foremost é ﬁ

Er reason is that the boundary layer method described earlier does not allow for L 4
crossflows on the body. Secondly, flow visualization studies indicate that i

the self-induced effects of the vorticity rapidly carry the root vortices up

through the center of the slipstream where they are dissipated. It is further

assumed that the remaining trailing vortices quickly roll up within a few

chord lengths from the plane of the propeller to form a single concentrated i ﬂ

3 vortex trailing from near the tip of each blade. This analytically-simplify-

A5
clbade d . ..:

;' ing assumption is also verifiable from flow visualization studies.

Since the slipstream is to be rigidly prescribed, certain aspects must be ;
considered for the proper location and strengths of the vortex rings. As |
stated earlier, the trailing vortices quickly roll up to férm a single trailing

vortex. It therefore seems pausible that in the plane of the propeller several

concentric ring vortices, each of different radius and strength, may be speci-~

fied, while fewer and fewer vortex rings may be specified further downstream.

L . ke Sw

The location of the downstream vortices may be specified rather arbitrarily*,

but their strengths should satisfy some mathematical requirement or some phys-

PR SPET SR

ical phenomenon, The laws of Helmholtz and Kelvin state that the circulation

is conserved. In other words, if a plane of the slipstream contains two vortex

i e B it

*
An attempt should be made to approximate the results of momentum theory for
propellers: i.e., the induced velocity in the ultimate wake be twice that in

the plane of the propeller. ¥
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rings of circulation strengths Pl and P2 while another plane further down-
stream contains only one ring, then the strength of the single ring of the
downstream plane must be Pl + Pz. Under the present method, the strengths of
the vortex rings may be arbitrarily specified, with the differences between. ..
their theoretical strengths and those actually used being accounted for by
assuming some type of viscous dissipation.

The effect of a ring vortex at a sufficient distance from itself is
approximately the same as that of a three-dimensional doublet of strength
1/2 Prz, where I' is the strength of the vortex ring and r is its radius [10].
This statement results from the observation that as the distance from the ring
vortex becomes greater and greater, the details of the ring's shape become

less and less important. Since reductions in computational times are always

I e A et A A S O

desirable, the present method incorporates doublet flow whenever possible.
2 The computational savings are quite substantial since the calculation of the
velocity induced by a doublet does not require integration.

In order to apply doublet flow, its theory will be diécussed briefly:
Consider the situation where a source of strength q and a sink of equal
strength are located a very small distance % apart. Letting the distance 2
go to zero while q is allowed to increase indefinitely in such a way that the
product q& remains finite and equal to a constant u, then the potential at a

point P due to this so-called doublet at 3 1is given by [Figure 15].

1 ner
$(P) = - &
4 Ir|3
LB ®R-3)
4n |§‘gl2
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ORIGIN OF COORDINATE SYSTEM P

DOUBLET _
Figure 15. Doublet potential definition
where ﬁ 1s strength of the doublet in the direction of its axis. The positive

doublet axis is simply the direction from the sink to the source.

The veloclty field induced by a doublet is readily obtained from the

equation

g
V= grad ¢ = - %;-grad 3—535 .
r

The velocity components in Cartesian coordinates are thus

K)

R o

K
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where My “y’ and,..uz are the doublet's strength in the X, ¥, z directions,

respectively, and Ty ry, and r, are the x, y, 2 components, respectively, of
the vector T (Figure 15).

The substitution of doublet flow for ring vortex flow requires that the
origin of the doublet be the same as that of the ring vortex, the doublet axis
be perpendicular to plane of the ring vortex and is directed so that the
induced velocity is of the same sense as that of the ring vortex, and the
doublet strength u be a "suitable" function of the ring vortex strength T,

At sufficiently large distances from the orig’un of a doublet of strength
1/2 Prz, the induced velocity of the doublet approximates that of a ring vortex.
with its origin the same as that of the doublet. Unfortunately this doublet.
strength is only valid at large distances. In the present method, the doublet N
strength 1/2 Prz was reduced by a factor of 0.00932 so that the velocity in-
duced by the doublet closely matches that of a ring vortex of strength T at
and beyond a distance of 1.5 times the diameter of the vortex ring (Figure 16).
For all points at a distance greater than l.5 times the vortex ring diameter,
the induced velocity is calculated by the doublet flow equations. Otherwise,
the vortex ring equations are used.

Since vortex filaments are discontinuities in an inviscid fluid, it is
important that no filament intersects with the body's surface. Otherwise,
extremely large induced velocities exist on the surrounding surface, as pre-
dicted by equations 13, 14, 17, 18, or 19 since d + 0. In determining the

potent .1 flow solution of a body in the slipstream of a propeller, the

pres. method calculates the diameters of the vortex rings so that no vortex
in#- ts with the body and that the mass flow between the body and the %
32
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1,SeRING DIRMETER

AXIAL VELOCITY

—

DISTANCE FROM ORIGIN OF DOUBLET OR RING VORTEX

Figure 16. Matching doublet flow to vortex flow

boundary of the slipstreaun is constant. These requirements are sufficiently

satisfied by the following procedure: .

Each axial station of the body is described by a set of Cartesian points,

In other words,

each point having an jdentical x-coordinate value (Figure 17).

an axial station is contained in a plane perpendicular to the x-axis. Assum-

ing that each body cross-section is symmetrical about the x~z plane and con-

tains the same number of points, only half of the total number of points must .

be supplied., The body must be closed at both ends, i.e., the first and last

axial stations must not only contain the same number of points, each point of

the same station must be equal.

For each axial station, the cross-sectional area 1is computed by sumﬁing

the individual areas of plane triangles of the cross-section. Each plane

triangle is defined by the origin of the cross-section and two consecutive

points on the body's surface. The maximum distance and the average distance

33
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SECTION A

TWO CONSECUTIVE POINTS
ON SURFACE

FIRST AXIAL STATION 5

X

SECTION A 0

i Dima - iiea

X=CONSTANT

00 0t e Wi, ¢ v ek

Figure 17. Denotation of first and last body axial station
with illustration of point numbering

are also computed. The maximum distance is that from the origin to the

farthest surface point, while the average distance 1s considered to be the

radius of a circle equal in area as that of the cross-section of the body.

With the maximum and average distances and the cross-sectional areas now known,

b - A ki e bk

an equivalent circular body is produced by letting the average distances be
the radii of area-equivalent circles. This assumption allows for a crude,
but sufficiently accutate*. method to satisfy the mass flow requirements and *

to guarantee that the vortex rings do not intersect with the body.

U S0 I SOy TGPV - Sy

*he present method would riot produce satisfactory flow fields for wide {
flat bodies with the equivalent circular-body concept. For these cases the use

of an equivalent eilipsoidal-body concept aloag with elliptically-shaped vortices
would be more suitable and realistic.
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Consider an equivalent circular body within a slipstream (Figure 18a) and

a typical cross-section (Figure 18b). The mass flow at the beginning of the

slipstream is given by
pndZV/a'

where p is the density of the fluid, V is the mass-mean velocity of the fluid
across the cross-section, and d is the diameter of the circular slipstream at

its beginning. Similarly, the mass flow in an annular ring is given by
p'n(a2 - zz)V

where a 1s the distance from the body centerline to the boundary of the slip-
stream, and z is the distance from .the body centerline to the body surface.
Requiring that these two_mass flows to be equal, it is found that the diameter

of the vortex ring (or the boundary of the slipstream) must be given by

a = a4 + 22 | (21)

As the body radius z varies, the diameter of the vortex ring varies accordingly.
It should be noted that this is another way of saying that the radius and
circulation were changed in such a way that the velocity induced on the body
surface is the same as that at z = 0 if the body were not present.

The origins of the various ring vortices may be assigned arbitrarily
along the centerline of the body. Therefore, appropriate averages of the
relative distances and areas must be calculated not only to suitably fair the

glven cross-sections, but to determine the diameters of the vortices.
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Figure 18. Equivalent circular body
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Even though equation (21) satisfies the continuity requirements at each
position along the body, it does not guarantee that the vortex rings do not

intersect with the body because of the assumption of the equivalent circular

body. To eliminate this problem, a comparison is made between.the .diameters

calculated by equation (21) and the maximum diameters of the original. body.
The largest diametqr is always used. At this point it 18 clear that if the

cross~sections of the briginal body is greatly differen: from circular ones,

the present method may not be sufficiently accurate for the mass. flow calcu-

lations.

The method also has an automated procedure to generate additional vortex

rings about and aft of a body by using exponential functions to assign the

locations of their origins.

of the varying body dimensions. These functions may be terminologically

defined as '"weak forcing function" since their detailed behaviors are body~

dependent, while their broad overall behaviors are set a prior. Basically,

the method contains two such functions: one revelant from the start of the

slipstream to the plane of maximum body width, and the other revelant from

the maximum body-width plane to the assigned maximum axial extent of the

vortices. Figure 19 depicts a vortex ring distribution and diameter variation

about an aircraft fuselage in the wake of a propeller.

As may be evident from the discussion above, accurate modeling of a

propeller's wake or slipstream is a very difficult task. Such a physico-

mathematical model would necessarily be unduly elaborate (for the use intended

here) and its computational requirements enormous. Since a major objective

of the present work is to simulate the effects of the nonuniform flow field

The exponential functions are in turn expressions

b~ 4
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Figure 19. Vortex-ring distribution and diameter variation
about an aircraft fuselage in the wake of a propeller

of a propeller-like wake within the context of the inviscid potential flow

e Mt M

calculations over a three-dimensional body, accurate modeling does not seem |
to be warranted. Although no claims of accuracy are proféssed for this wake

analysis, it would seem to provide at least some insights into the flow

behavior within a slipstream.
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FLOW PORT LOCATIONS FOR MINIMUM DRAG
AND EFFECTIVE ENGINE COOLING

Properly~-located air intake and exhaust sites provide adequate cooling
and carburetor induction and minimum pressure loss. Since the pressure loss
(or "cooling" drag) is larger than necessary in many general aviations designs,
the present method can be directed to determine cowl air intakes and exhadst
sites that produce favorable interactions with the external flows and also
provide good entrapment and extraction of cooling air. Favorable interactions
with external flows may be interpreted as those where the inlet will capture
sufficient cooling and carburetor air mass with a minimum disruption to the
external flow and the exhaust will provide adequate extraction and contribute,
if possible, to the streamlining of the aircraft.

In this analysis the flow is assumed to be.incompressible and its. free-
stream velocity equal to unity. It is also assumed that a suitable schematic
of the cowl interior of a body with inlet and exhaust flow may be given by
Figure 20. 1In this figure and in the following equations,_Cpx and Cpxx denote
interior pressure coefficients and EOA denotes the effective orifice area.

An interior pressure coefficient may be defined as the pressure coeffi-
cient required to balance the mass flows between the inlet and exhaust. In
the absence of an engine, the interior pressure coefficient is constant every-
where throughout the cowl interior. Since an engine occupies a large region
of the interior, it obstructs the mass flow with its presence felt throughout
the interior. A pressure drop will therefore arise between the pressure just

inside the flow inlet and that just inside the flow exhaust as a result of

39
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Figure 20. Schematic of cowl interior :

viscous losses incurred by the fluid as it moves through the engine fins and
4

around baffles. With an engine present, two “different”" interior pressure . ]

- A a i

; | coefficients are thus necessary to include the effects of engine fin and
baffle pressure drops.

The effective orifice area depends directly on the engine geometry and
the "tightness" of the engine inside the cowl. The tightness of an engine
inside the cowl refers to the spacing between the cowl and engine. If this
space exists, air mass will tend to leak around (or about) the engine instead

of flowing through its fins and baffles and, therefore, reducing the cooling

capacities of the air flow. With the assumption of a tight engine, the

e

effective orifice area is that "area" seen by the mass flow through the fins .
and baffles to provide engine cooling. Without the assumption, the effective
orifice area must be some compromise of the leakage and cooling flows.

From Figure 20, the mass flow m at each opening must be given by

A L B A ate aonsma

m = pAV (22)




|
a

where p, A, and V are the fluid density, the cross-sectional area, and the

fluid velocity normal to the opening, respectively., Since mass is conserved

the mass flow at each opening must be equal., That is,

m=p ° Ain . vin = p ¢ EOA » VEOA = p Aout . vout - constfnt

By Bernoulli's equation for incompressible flow, ~

where p_ and V_ denote the reference freestream pressure and velocity,

respectively. Rearranging (24) and dividing by the reference dynamic
pressure (1/2 pvi) yields the pressure coefficient
P~ P,

Cp = 2
1/2,pVQ

(23)

i ok ok

(24)

(25)

For incompressible flows, the dynamic pressure is simply a difference of

two pressures. Thus,

Dynamic pressure = 1/2 sz -Adp=p,-P "~ pressure difference

or

2 2
v 'p[pz'pl]

Subtracting p_ from Py and adding p_ to Py of (26) yields
2 2
vi=s [(p2 - Py = Py - p,,)]

Multiplying and dividing the right-hand side of (27) by V: produces

(26)

(27)

41
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2 . vz (pz - p“) - (PI “'P“)
2 V2 12 oV L

v

) _
- V“ [sz - Cpl]
or

v =v, Y, - Cp, (28)

Thus, equation (28) relates the velocity normal to an opening with the pressure
coefficients on each side‘of the opening.

At this point it is important to recapitulate on the representation of
the body and to define parameters pertinent for the continuance of this method.
As stated in the previous sections and shown in Figure 3, the three-dimensional
body is constructed of an orderly arrangement of plane quadrilaterals or panels.

This body representation facilitates the assignment of the inlet and exhaust

sites because any panel or combination of panels may be declared as either . L

inlet openings or exhaust openings. Since stagnation flows are not considered,

P S Oy |

a body with an inlet site must, in turn; have an exhaust site.

The total inlet area Ain is assumed to be the sum of the individual inlet

panel areas, while the total exhaust area Aout is assumed to be the sum of the

S

individual exhaust panel areas. Since the interior of the body (or cowl) is ___

treated essentially as a black box, it is necessary to propose a single inlet

2 pressure coefficient Cpin and a single exhuast pressure coefficient cPout'

These pressure coefficients are surmised to be area-averaged values of the

. Smastaan. smhmd AMMGed .

revelant pressure coefficients of the selected inlet and exhaust panels from

a solid-body (no inlet or exhaust) potential flow solution. That 1is,

Ao ,, W
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Inlets
A,Cp
Inlets

Ay

cPin -
i=1
and
Exhausts
AgCpy

im]
Exhausts

CPout ™

i=1

5 The solid-body pressure coefficients are implied to remain equal for the
opened body. This implication is only valid if the inlet and ;:haus:mpanel
geometries are relatively small compared to the overall body geometry. For
this reason a "grid" refinement may be necessary to accurately model or shape
the body particularly in the neighborhood of the inlet/exhaust areas.

It is now possible to rewrite (23) by using (28). Hence, (V, = 1)

V - i - = -
pAin Cpin Cpx = PEOA Cpx chx pAoutchxx Cpout:

or
" /—_— /——— -
: A EOA Cp o ut p Cpout (29)
To eliminate the square root, each "term" of (29) is squared:
A2 (Cp, =-Cp.) = EOAg(Cp -Cp_)=A" (Cp_._=Cp_.) (30)
in' Tin x ’ x xx out " xx out
The rearrangement of terms (:) and (:) of equation (30) yields
43
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2 2 2, . 2
Ain0p1n Cpx(Ain + EOA™) EOA Cpxx

while the rearrangement of terms (:) and (:) yields

- Az Cp

2 2 2
- 32
out + Cpxx(A + EOA”) = EOA"Cp, (32)

out out

Upon solution of equations (31) and (32),

2 2 2 2
EOA™ » Ain . Cpin Ain + EOA

2 2 A2

out + (33)
A7+ EOA T

2
Cpxx AoutcP

2

2 2,,2
. Aout + EOA (Ain + Aout)

and

2 2
A CRyy EOA“Cp_, )

x K
in

Equations (33) and (34) satisfy the limiting conditions of the effective

orifice area:

€Y ECA = 0 Cpxx - Cpout , Cpx = cPin

~

The first condition implies complete flow blockage or no mass flow, while the

second condition implies essentially unrestricted mass flow.

Since the engine is far less than 100 percent efficient, it is necessary

{n a constant density representation to add to the cooling flow a quantity

representing the internal heat addition to the air mass. This quantity is

assumed to be physically represented by the difference between the maximum

energy content of the fuel being used and the actual energy converted to

44
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kinetic energy (developed engine power). The energy difference is surmised
to be tranaferred to the surroundings directly in the form of heat which in
turn leads to an increase in temperature.

The heat quantity Q is equal to the change in enthalpy H; i.a.,

Q = AH (35)

Assuming that air is an ideal gas and the temperature variation is relatively

small,

AH = chAitAT (constant-pressure process) ' (36)

where m is the air mass, Cpair is the constant-pressure specific heat of air,

and AT 1s the temperature difference. In terms of their rates, equation (35)

becomes

while equation (36) becomes

Thus —
Q=AH = meairAT

or

AT = —— (37)
meair

Dividing (37) by the reference temperature Tw ylelds

ar T T, Q
TCTT; (38)
© © mCp , T
air'«
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The heat transfer Q is now assumed to be
§ = Hf o ffr - P

: where Hf 1s the heat of combustion of the fuel, ffr 1is the fuel flow rate,

and P is the developed engine power., The fuel flow rate, though, is the

product of the specific fuel consumption ¢ and the developed engine power:
ffr = ¢ ¢+ P

The mass flow rate m is by definition equal to equation (22) where p 1is taken é

to be the freestream demsity, A the total inlet area Ain’ and V the velocity

normal to the inlet (= V“v'Cpin - Cpx). Therefore, equation (38) now becomes

T-T, P(H * ¢ = 1] i
Te  pTcCp., VT .
®n ™

ajir = pin f X

or
P[H, + ¢ = 1]
%_,. £ + 1 . (39)
— E
®  PlCPuirVe CPyn = CPy :
Air has been assumed to be an ideal gas, and hence any increase in its : 3

b

temperature decreases its density. Since the incompressible theory on which
this method is based assumes a constant density, the internal heat release

must be represented by a compensating increase in the flow velocities in order

TP P TP S

to balance the mass flows. This compensation may be accomplished by varying

the effective orifice area which, consequently, varies the effective flow

e b S

velocities. The effective orifice area variation is determined as follows:i

ot

The mass flow rate in the effective orifice region is given by (22) where A

{s the effective orifice area EOA and V is determined from (26) to be

P S

46
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28p
v-{;:l. (40)

The density change with temperature for an ideal gas is given by the equation

of state to be

or

TO
(41)

A "new" mass flow rate ﬁl is calculated by assuming the density of (22) and

(40) to be the density p, of (41):

or
. 28p =
m, {pwEOA Jpw } T, (42)

The mass flow rate (42) is seen to be the product of the original orifice flow

rate and the square root of the temperature ratio TG/TI' Associating the

temperature ratio with the original orifice area produces a new effective

orifice area

T
EOANEW = EOAJ —T-l-
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Applying EOANEw to equations (33) and (34), new interior pressure coefficients

are calculated. With T, > T‘ (heat added),

1
EOAy. < EOA . _ .|

Consequently, the flow velocities must vary in a constant density analysis in
order to balance the mass flows.

The typical behaviors of the interior pressure coefficients due to vari- . .
ations in the freestream density, the inlet velocity, the freestream tempera-
ture, or the effective orifice area are shown in Figure 2la, while thouse due
to variations in the fuel's heat of combustion, the specific fuel consumption,

or the developed engine power are shown in Figure 21b.

[
0 } - 4 Cp
i k|
& g -
Q — -
C
(o P,
g e g g |
g
. ~ — |
DECREASING <~—= ——> INCRERSINO DECREASING <~ ——> INCREASING
(a) (b)

Figure 21. Typical behaviors of the interior pressure coefficients
with parameter variation

On a percent basis, a variation in the effective orifice area or the specific
fuel consumption had the most pronounced effect on Cpx and Cpxx’ Not only

does Figure 21 indicate the slopes of the "lines" representing Cpx and Cpxx,

i 1, . i
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f{'* it should be noticed that a measure of the "driving potential" of the air mass
1 can be observed. This "driving potential” or pressure difference of Figure :
)1a is seen to become smaller with increasing values of the pertinent param- ~}
eters, while that of Figure 21lb is seen to become greater with increasing

values of its pertinent parameters. Consequently, a measure of control over

the quantity of air flow is possible by a strategic selection of the parameters.
It is now possible to calculate the normal velocities on the specified

inlet and exhaust panels and apply them as the complementary boundary condi-

tions for the potential flow calculations. The normal velocities on the inlet

and exhaust panels are surmised to be functions of the interior pressure

: coefficients and the pressure coefficients that existed on those panels when

the body was closed (with no internal mass flow). Thusly, _ ?4

vV, = V°° Cp

1 - Cp, (43)

i

for the inlet panels and

v, =V_+Cp__ - Cpy (44)

i o xX

for the exhaust panels, where Cp, is panél i's closed-body pressure coefficient
i

and VN(- 1) is the freestream velocity. Attributable to the proposition of a

i iy e |

single inlet pressure coefficient Cpin and a single exhaust pressure coeffi-

cient Cpout in the determination of Cpx and chx’ the discriminants of (43)

PRI -

and (44) is occasionally negative. This difficulty of imaginary numbers is

eliminated by proposing that (43) and (44) are essentially

v, = v, v[cp, - Cp , (45)
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for the inlet panela and

il e T

v, =V, 7TCr, = CPyl (46)

The normal velocities of (45) and (46) are aasumed

e _-..__.
4

for the exhaust panels.

to be the complementary boundaxy conditions for the potential flby solution

discussed ecarlier. These normal velocities are {nserted into (8) as the

now-known . function F.

In summary, the mass flow of air through a body is dependent in this )
1

R treatment upon (a) the pressures which existed when the inlet and exhaust ]

: panels were closed, (b) any internal pressure drops due to engine fins and

baffles, (e¢) the internal heat addition, and (d) the area ratios of the inlet,

ISR A e - S S R R
. 3 PR R e R S C SR RN Y - .. - A::_—“‘

the effective orifice, and the exhaust. The present method consists basically

of the fullowing steps:
A
aust sites. 4

-
\L’.
-

(1) Panels are chosen to represent the inlet and exh

(2) The total inlet and exhaust areas are determined by summing the

individual areas.

(3) An area-averaged pressure coefficient is calculated for the inlet

gite and the exhaust site..

(4) Internal heat addition is invoked through appropriate changes in

the effective orifice area.
and the normal

‘ﬁ
!
|
{

i
!
{

(5) The interior pressure coefficients are determined,

velocities on each individual {nlet and exhaust panels are calcu-

PR

lated.

{
i

30




AL A EELICERRC R A A L e wY.. T R AT e

lin Andinl THNT LD $ T

A GRID REFINEMENT SCHEME FOR MODIFICATION
OF A BODY'S GEOMETRIC DATA

Since the preparation or modification of the geometric data of a three-
dimensional body for input into a potential-flow program is tedious and time-
consuming, a scheme has been developed to simplify this task. Given a set of
Cartesian-coordinate data descriptive of the body, this scheme may be used to
correct body misrepresentations, to change the body geometry, to refine the
network (or grid) of the panels or .quadrilaterals that form the surface of the
body, and to plot various orthographic, perspective, and stereoscopic views of
the original and the modified body.

The general procedure for specifying (or inputting) body points is the
same as that given in Reference 4 for the NCSU BODY program. For clarity,
this procedure is now reviewed:

The body's surface is constructed by an arrangement of quadrilaterals
with their corner points forming a network of intersecting lines to be called,
from this time on, M-lines and N-lines (Figure 22). The M-lines are those
connecting corresponding points on the N-lines and are generally those running
along in a direction near to that of the major body axis, while the N-lines
are those surrounding the perimeter of the body in parallel planes perpendic-
ular to the major body axis. Every N-line or M-line must have the same numbef
of "defining" points as every other N-line or M-line with the stipulation that
no N-line crosses another N-line and no M-line crosses another M-line,
although they may converge to a common point.

Since the primary purpose of the schemc is to generate data compatible to

the NCSU BODY program and the present report's potential-flow program which

. LTI AR L - J U SV U, R . —_~— - - "
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Figure 22, Schematic of indexing scheme used for a 3-1 ellipsoid
with 40 panels describing the half-body
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assumes the body is symmetrical about the X-Z plane, only half of the body is

?é necessary for input. For compatibility, the first N-line must be that at the
" front of the body (first to encounter freestream air flow) with the remaining Lo
N-lines numbered consecutively from front to back. The points on each N-line % ;
are ordered such that the first point lies in the lower portion of the X-2

plane at the "bottom" of the body (Figure 22, Section A) with the remaining
points consecutively increasing counter-clockwise (looking aft) to the upper 4
portion of the X-Z plane at the "top" of the body. These points, i.e., the
corresponding points on successive N-lines, generate the M-lines.

The workhorse of this scheme is a cubic-spline curve-fitting method [11]

coupled to a coordinate-system rotation-translation technique. Although cubic-

5, spline fits are generally considered to be the smoothest of all curve fits |

e o

[12], they often have difficulty in regioms of extremely high curvature, where
oscillations bgcome magnified. Splining points against arc length alleviates
' the oscillations; the present investigators, however, checse to remove the

j oscillations by rotating and translating the body points in the reference

; coordinate system to points in the new coordinate system.

{ As an illustration of the rotation and translation of the body points, 5
consider the upper M-1ine® of the X-Z .plane for some typical three~dimensional . ]

body (Figure 23). A curve fit of the points 1 through 23 - with their values

given with respect to the reference coordinate system XYZ - may not be satis-

-

factory between points 1, 2, and possibly 3 due to the presence of the high

*A three-dimensional body contains two M-lines in the X-Z plane - an upper
one and a lower one. Since M-lines are increasingly numbered consecutively from
the body's bottom to its top, the upper M-line corresponds to the maximum-
number M-line whereas the lower M-line corresponds to the minimum-number M-line.
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slope between. points 1 and 2. The alternative procedure is to transform the
body points to those appropriate to the new coordinate systems., For instance,
for the transformation of points 1 through 12 to those in the X'Y'2' gystem,

the following equations may be used:

' = - -
xi (Xi Xlz)cos ay + (Zi le)sin ) 47

! = - - -

Z1 (Zi le)cos @) (xi le)sin o (48)
where
Z, - 2
oy = tan |2, 112,002
1 12 .

For the transformation of points 12 through 23 to those in the X"y"z" system,

the following equations may be used:

" g - -
Xi (X1 Xlz)cos ) + (Zi 212)8{2 a, (49)

Z" = (z

' { " le)cos a - (xi - xlz)sin oy (50)

where

Z -2

ay = tan t |EEE e 12,,,23
12 23

The (x',zi) and (X",Zg) points are curve-fitted and additional points are

generated, Since these points must be transformed back to the reference

system, equations (47) and (48) are solved for xj and Zi.yielding

= %! : - 72!
x_1 Xj cos oy Zj sin °1 + X12

- %! *
Zj XJ sin “1 + Zj cos °1 + 212

e SR Y i TR e
T et e . ol - : ) ) ]
N . s s s s i otk RS

s

PRS0 T R g s

PRESTORPEIS S,

EERPAP - IR ey

T



""’.'_ R A i e

ORIGINAL PAGE o
OF POOR QUALITY

while equations (49) and (50) are solved for X, and Z, yielding

a X" - 72
xk xk cos 4y Zk sin ay + x12

- 72 "
Zk Zk gin ) + Zk cos ay + 212

where the subscripts j and k denote appropriate, but different, point counters.
Often during the preparation of data, errors are made either during the

process of keypunching the data or through the lack of a clear visual or

mental conception of the body's shape, which may be disastro.s to the poten-

tial-flow calculations. These errors in the input are difficult to recognize

until the data is plotted.

The present method contains three techniques (options) to effectually
correct these mistakes in a simple fashion. The first option modifies the
data by explic;tly changing the coordinates of individual originally-inputted
body points through additionally-supplied coordinate information. By the
second option, a body point P is replaced either by the average of the two

points 1 and 2 (Figure: 24a) of the M-line intersecting point P, the average

of the two points 1 and 2 (Figure 24b) of the N-line intersecting point P, or 4

- the average of the four points 1, 2, 3, aad 4 (Figure 24c) of the P-intersect-
i

§ ing M- and N-lines. The third option uses the same point-identification

arrangement as that of the second option, but replaces a body point P by

linear interpolation(s). Utilizations of these options are shown in Figure
25 for a body assumed to be significantly in error at omne point.

The present method incorporates two more geometry-related options to aid
in the refinement of the grid network. These options are important since the

panel geometries of the inlet and exhaust sites must be relatively small
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Figure 24. Coordinate information for averaging techniques

compared to the overall body geometry to allow for the assumption that the
opened-body pressure coefficients (see previous section) to remain essentially
equal to thosé of the closed body. The first of these options augments the
number of M-lines and/or N-lines by equally distributing the user-specified
number of additional M- and/or N-linee.along the arc length (assumed to be the
linear distance) of every two successive M-lines for additional M-lines and
along the perpendicular distance of every two successive N-lines for additional
N-lines. The points on the additional M- and N-lines (equal in number and
order to those on the original M- and N-lines) are calculated by cubic-
polynomial spline-fit interpolations. This scheme, to be called the "equal-
line augmentation", should be recognized to have the ability to increase the
number of quadrilaterals (panels) manyfold with a corresponding decrease in
the individual panel areas (Figure 26). Although potential-flow calculations

become more and more accurate as more and more panels are used to describe a
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body, care must be taken not to exceed the available computer storage capabil-

ities.

For the above reason and that only a grid network refinement in the , \
VNG

neighborhoods of the inlet and exhaust sites is usually desired, a second

iu option has been included. Although it uses the same M- and N-line distri- 1

bution techniques and point calculations of the first option, the second

option augments the total number of M-lines and/or N-lines only by generating 1 ‘
! ]

: additional lines between any two specific M-lines and/or N-lines chosen by the b

user. Without a drastic increase in the total number of body panels, this

scheme, to be called the "uger-specified line augmentation', has the ability

to generate additional lines on specific regions of the body while increasing

(f the number of panels in these regions with individual areas smaller than the

original panels (Figure 27). 1If the user prefers, this option may be used to

§ : duplicate the results of the first option.
For a given body, aspects of both line augmentations may be used simul- - -

taneously if the preferences of one do mot override those of the other. That

e

is, sometimes the equal-line augmentation scheme may be desired for M-lines

(or N-lines), while the user~supplied line-augmentation scheme may be desired

for N-lines (or M-lines). The implementation of these preferences are easily
: S

accomplished through the present method's computational logic. }

Containing the coordinates of the points describing the original body

(with the modifications invoked by the first three geometry options) and/or

the final modified-body, cards may be punched in two different forms. The ' i

first form is compatible as_input to the NCSU BODY potential-flow program (4]
and that of the present report, while the gsecond form is compatible as input i

to the NCSU PLOT program [4] for plotting complete configurations.
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program contains a plot option that allows for the generation of the necessary ] 5
instructions for automatic plotting of the body and can be used to.draw three- {\J
view and oblique orthographic projections, as well as perspective and stereo- ’ S
scopic projections. This option is a valuable tool for checking for inputted
errors and for displaying the body modifications. Although examples of this

plotting routine (originally written and programmed by Craidon, Reference 13)

s Nk

have been presented throughout this report, explicit examples are presented in

Figures 28, 29, 30, and 31.

[

A geometry package has been developed by Halsey and Hess [Reference . l4]

which semi-automatically panels isolated components, such as wings, fuselages,
;' etc., of complete aircraft configurations by using one of several element %
| (quadrilateral) distribution algorithms. Among other options for repaneling
components, the Halsey-Hess program is similar to that of the present work
since both programs allow the input of sparse coordinate data, use independent E
cubic-spline curve fits for interpolations, and provide many schemes for the
point distributions on M~ and N~lines. However, significant differences do 1

exist. The curve-fit method used by Halsey and Hess does not insure continuity

of the second derivative and thus is not a true cubic-spline fit in the usual

sense. They claim their method gave consistently superior results to those of

i A T P

a true cubic spline. Their point-distribution schemes are also significantly

different but are logical and perform to a fair degree of accuracy. In addi-
tion, their geometry package contains a feature to calculate curves of inter-

section among comronents and consequently repanel the regions of the components

i R e

at the intersections. This feature should be extremely useful for design of

complete configurations and the study of interference effects among the
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Figure 29. Example of a oblique orthographic projection
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Figure 30. Example of a perspective projection
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components. Since only isolated components are analyzed by the present. work,

this option is not available.

For a geometry program to be efficient, it must be simple to use, have

and present results logically for imme-

accurate but expeditious algorithms,

diate evaluation. While both programs are simple to use and have rapid and _ o
3

accurate algorithms, the present program contains its own built~-in plotting

routines that allow the user to visually ins

This feature eliminates the wasteful intermediate pun

pect the point modifications and
line augmentations. ch- 4

ing® of cards as input to separate plot programs, and therefore the overall ; é

' time (program execution plus real time) to analyze body data is significantly

reduced.. The specialization of the program to the specific analysis capability

described in previous sections also reduces the size of the geometry program

and may provide more expeditious execution as well.

N

R
e e e

PR A N R PR N
e A At D0 L - e R b L b

RO S W, WA

%The recording of data to magnetic tape or disk is common practice to avoid

card punching.
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COMPUTER IMPLEMENTATION OF METHODS

The aforementioned methods have been implemented into computer programs.
In addition to the boundary layer, the nonuniform propeller slipstream, and
the cooling interior-mass-flow simulations, a program performing the éotential
flow calculations has been named FLOWBODY, while a program performing the grid
modifications has been named GRIDPLOT. Thé listings of both programs - along
with their user's instructions, sample input, and sample output - are provided
in Volume 2.

With logic easily adaptable to other computer facilities, both programs
have been written in single-precision FORTRAN language. Single-precision
arithmetic was chosen for two reasons. The first reason is that any smooth
body,represenﬁed by an arrangement of finite-sized plane quadrilaterals is
inevitably crude, while the second is that the increase in computational times

(and therefore costs) for additional precision is undesirable.
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DISCUSSION OF RESULTS

An investigation has been made of means to reduce the drag of light air-
craft fuselages and nacelles by recontouring the body and altering locations
for the air intake and exhaust sites. Six bodies® were investigated with re-
contouring performed on only one because of time limitations. A general pattern
has emerged that satisfies intuition as well as the physical phenomena. As an
aid in the discussion of the forthcoming results of the present method, certain

aspects of theoretical and physical flow behavior will be reviewed briefly.

The total or over-all drag on a body placed in a stream of fluid consists
of skin friction (equal to the integral of all shearing stresses taken over
the surface of the body) and of form or pressure drag (integral of components
of the normal forces). Since it is important to determine the origin and mag-
nitude of the skin friction and pressure drag, boundary-layer theory provides
a means to explain these quantities in a rational fashion and also offers in-
sight into what shape a body must take to minimize the total drag.

In the immediate neighborhood of a solid wall, boundary-layer flow (laminar
or turbulent) may, under certain conditions, bécome reversed causing the exter-
nal flow to separate from the wall. Accompanied by the formation of eddies
and large energy losses in the wake of the body, this separation phenomenon
changes the pressure distribution which differs markedly from that in a friction-

less flow stream. The pressures on the lea side of the body are those of the

*Three-dimensional bodies with a X-Z plane of symmetry (plane parallel
to the flow direction.)
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wake and substantially below those on the windward side of the body which exper-
ience near-stagnation pressures. Integration of such a pressure distribution
shows a large drag. Hence, a large pressure drag may be explained by the exist-
ence of a large pressure deviation.

Schlichting [15] gives an excellent description of boundary-layer separa=
tion by considering the flow about a blunt body, e.g., about a circular cylinder,
In frictionless (perfect fluid) flow, the fluid particles are accelerated on
the upstream half and decelerated on the downstream half. Hence, in accordance
to Bernoulli's theorem, the pressure decreases along the upstream half, while it
increases along the downstream half. So long as the boundary layer remains
thin, the flow is frictionless and pressure is constantly being transformed
into kinetic energy along the upstream half. On the downstream half, kinetic
énergy reverts back to pressure in proper amounts such that the pressure at the
rearmost stagnation point exactly equals that of ambient conditions. Since the
fluid particles in the boundary layer remain under the influence of the same
pressure field as that prevailing externally, the pressure distributions are
ideal and the body does not experience a pressure drag.

When viscosity (friction) is introduced, the particles expend so much of
their kinetic energy during their travel along the upstream half of the cylinder
that the remaining kinetic energy is sufficient for the particles to ovefcome
the adverse pressure gradient on the cylinder's downstream half. Under this
condition, the fluid motion within the boundary layer in the vicinity of the
wall is eventually stopped and reversed by the external pressure field, result-

ing in separated flow. The wide separation of the streamlines behind the cyl-
inder and their failure to merge smoothly indicate that the flow is not of the
constant-energy type, and therefore Bernoulli's equation is unsuitable for the

determination of pressures on the surface in the wake. Within the wake region
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: behind the cylinder, a pressure-discribution curve clearly depicts suction or
| less-than-ambient pressure. Because of this pressure difference, a pressure

drag occurs.

The shape of the body also controls the nature of the boundary-layer flow, \,i

i.e., whether the flow is laminar or turbulent. For minimum skin-friction

drag, it i1s necessary or logicel to maintain a laminar boundar over the greatest

T VA e T
IR PUTE Y
.

possible distance of the body. Although efforts have resulted in a reduction

of skin-friction drag, attempts to maintain laminar flow along too great a sur- ]
face distance can produce large increases in the over-all drag from high pres-

sure drag. Since pressure drag can be many times greater than the skin-friction

drag and flow separation should be delayed as long as possible, a turbulent

boundary layer is desirable. Even though a turbulent layer increases the skin :

friction, a turbulent boundary layer is more stable than a laminar one and is

! capable of maintaining itself longer under an adverse pressure gradient because

of its greater capacity to remove energy from the freestream. Consequently, B

the flow adheres to the surface for a greater distance and, in turn, delays
separation. The increase in skin-friction drag is usually much less than the
§A reduction in pressure drag. | 3

Since the danger of boundary-layer separation always exists in regions of [

bodies with sharp or steep pressure curves (for instance, bodies with blunt

adverse pressure gradients with its likelihood of occurrence increasing for ;
;

ends), attempts should be made to seek a more streamlined body shape. The

experimental pressure distributions for streamlined bodies differ so little

trom those predicted for frictionless flow that the pressure rise in the down-

T

stream direction is sufficiently gradual so that there is virtually no separa-

tion. Consequently, the pressure drag is small enough that the total drag

consists mainly of skin-friction drag.
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When the boundary-layer equations are integrated, the velocity distribution
can be obtained, and the location of the point of flow separation can be deter-
mined. This, in turn, allows the calculation of the viscous or skin-friction
drag around the surface of the body by a simple process (in theory) of integrat-
ing the shearing stress imposed by the fluid onto the surface. Even in cases
where there is no_separation, the skin friction must be augmented by pressure
drag because the boundary layer displaces the external potential* flow by a dis-
tance equal to the displacement thickness. The pressure distributions are there=-
fore changed even in the absence of flow separation, and the resultant of these
pressure forces in the flow direction is no longer zero. When applied to actual
problems, this method and the present method** allow the calculation of both
the skin-friction drag and the pressure drag..

Most fuselages and nacaelles may be categorized as blunt or bluff bodies.
For this reason, their drag is almost entirely due to pressure deviations (from
ambient conditions) and, therefore, is generally greater than that of stream-
lined bodies of similar shape. In addition to rough surface textures, actual
fuselages and nacelles .experience interference effects from appendages and pro- -
tuberances that, normally, adversely affect the drag. Since few appendages
(wings, landing gear, etc.) can be removed, protuberances such as protruding
engine exhaust pipes, projecting rivet heads, improperly-designed cowl flaps
and canopies, etc. can be modified to provide the cleanest possible design
without being impractical from the operational, maintenance, and financial

points of view.

*Flow external to the boundary layer is considered to be inviscid and
therefore potential.

**The reader should review the present report's section on boundary-layer
simulation in an inviscid.flow field.
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. The obvious complexity of actual flow fields about real aircraft bodies
makes it necessary to investigate the influence of nonunifbrm* (in contrast to

untform) flows upon the over-all drag computations of the present method.

Following the recommendations of a previous section for a crude approximation
of a propeller slipstream, systems of ring vortices were placed about bodies in

a systematic fashion so that there diameters, strengths, and locations reflected

the presence of the bodies and a specified power into the airstream. These
vortex systems induced velocities from approximately five percent of the free-
stream velocity onto the body near the nose to about ten percent near the tail
for a specified power of 100.66 kilowatts.

The six bodies were tested with both uniform and nonuniform onset flow

fields. The results are given in Figures 32, 33, 34, 35, 36, and 37 for the

uniform flows, while those for the nonuniform flows are given in Figures 38,

IJ
|
|
3
!
|
!

39, 40, 41, 42, and 43, As shown by the figures, five of the six bodies with .
a nonuniform flow field experienced reductions .in skin~friction drag along with
substantial increases in the pressure or form drag, resulting in larger total .
drags. The_other body also experienced .an increase in pressure drag but was

subdued by a substantial reduction in skin-friction drag to yield a lower total

drag. A closer examination revealed that, possibly, the skin friction decreased

because of the higher local Reynold's numbers at or near the body surfaces.
Although the skin-friction drag was initially expected to increase because of
the additional "scrubbing" of the flow upon the bodies, a 30% increase in

velocity may be seen to reduce the friction drag by 7% or more. Thus, these

[ friction-drag reductions were acceptable., The pressure drag increased because

of the higher velocities over the surfaces that significantly modified the

*A nonuniform flow is defined as that onset flow with velocities differing
from a constant value, whereas, an uniform flow is that onset flow with a con-
stant velocity.
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pressure distributions. The difference between the analytical method and

physical phenonemon must also be noted. The analytical method automatically

assumes flow separation near the rear of the body, while in actuality the flow
may not separate because of the more energetic flow. '}

The drag calculations of the ATLIT aircraft fuselage (Figure 4) and nacelle .

(Figure 42) were compared with the experimental drag findings by Holmes [16] of )

timated the total aircraft

a drag build-up for the complete aircraft. Holmés es

e 0.044., As a basis for comparison, the drag contributions

Ao

! drag coefficient to b

Rataar s e At bl B R resY Sl N S

[lb] arising from the wing, the horizontal tail, and the vertical tail at zero o

angle of attack were accepted and used with the present,method's prediction of i

those arising from the fuselage and nacelles to produce a total drag coefficlent

of U.045. This prediction represents a significant improvement over previously-
# existing methods (including the 0.0358 value from earlier work of Smetana and _ i

Fox [17]) as well as portraying the present scheme as an useful tool for drag

estimations.

A "fat" nacelle (Figure 37 or 38) was contrived for the purpose of inves-

tigating whether such a configuration might yield a lower drag for the ATLIT

W T ETEI T TN TN SN s Tl e R T e

airplane. Initial calculations for the fat nacelle with an uniform onset flow
field (Figure 37) showed a skin-friction drag coefficient of 0.00356 and pres- ;
sure drag coefficient of 0.00317 to yield an over-all drag coefficient of 0.00673. %
i Initial calculations for the ATLIT nacelle with an uniform onset flow field

(Figure 36) showed a friction drag coefficient of 0.00308 and a pressure drag

coefficient of 0.00414 to yield an over-all drag coefficient of 0,00722. Where~
as, the friction drag for the fat nacelle was greater by 15.6%, a substantial

decrease of 23.4% in the pressure drag was seen to causSe a 6.8% reduction in

e

the total drag. A nonuniform onset flow field was imposed onto the same two

bodies to yield quite different results. For the fat nacelle (Figure 43), the |

skin-friction drag decreased by 9.2% to yield a skin-friction drag coefficient

of 0.00323 and the pressure drag increased by 177% to yield a pressure drag
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coefficient of 0.00879 for a total drag coefficient of 0.01203, For the ATLIT

nacelle (Figure 42), the friction drag decreased by 7.5% to obtain a skin-

friction drag coefficient of 0.,00285 and .the pressure. drag increased by 84% to

obtain a pressure drag coefficient of 0.00762 for a total drag coefficient of
0.01046. Obviously, the nonuniform flow had a significant effect since the
total drag for the fat nacelle increased by 78.7% and that.for the ATLIT nacelle
increased by 44.,9%. Although the smaller friction drags were acceptable, the
extremely large increases in the pressure drags were not. Since these nacelles
were wider and flatter than most bodies considered, the concept and utilization
of . the equivalent circular body (discussed in an earlier section) for the in-

duced velocities by the propeller's slipstream onto the body surfaces were not

] ; suitable. For these nacelle cases and other possible cases of wide flat bodies,

more accurate and realistic results would have been obtained with the use of

an equivalent ellipsoidal body concept where the circular vortex rings are re- P
placed with elliptically-shaped vortices. In addition to the unsuitability _
of the circular body scheme, the present tests were conducted with a propeller j
diameter less than the maximum cross-sectional dimension of the nacelles.

; Consequently, the propeller forced the air flow onto (rather than about and.

x along) the surfaces, causing an appreciable variation in the velocity and pres-

sure distributions and, in turn, resulting in a large increase in pressure drag.
Specification of larger propeller diameters should lessen the increase to more

realistic values.

j

Since all of the bodies were modeled by an orderly grouping of a large i

f

number of plane quadrilaterals (panels), it was therefore inevitable that such 1
R 1

a modeling scheme produced only approximate representations to the actual

bodies. For this reason, minor body recontouring was performed to study the .

severity of these crude models. The fuselage of a Cessna 182 airplane was
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chosen for this test. The body was recontoured by the GRIDPLOT prograa, while

the drag computations were effected by the FLOWBODY program. Both programs are

P I
H

contained in Volume II of this work.
The study revealed that the total drag did not change appreciatively with D

typical calculations leading to drag reductions on the order of only one per-

cent. In some cases, the total drag actually increased because of greater pres-

sure drag attributed to larger adverse pressure gradients on the recontoured

PR\

regions. In all cases the change in friction drag was insignificant. As an
explicit example, the upper rearward cabin section of a Cessna 182 fuselage

(Figure 38) was slightly recontoured.or ‘''smoothed" (Figure 39). Although dif-

f ficult to see these modifications because of the scale and orientation of the

Jdrawings, calculations yielded a 0.42% total drag reduction with approximately

a2k

88% of this change arising from a decrease in the pressure drag. These results E

are encouraging since it is believed that further body modifications may reduce

the drag even more.

o e N e

A different situation cccurred when more severe shape changes were imposed.

e vt

The nose of the representation of the Cessna fuselage was severed or flattened
to better approximate the actual fuselage (Figure 40). When compared with the
results for the original fuselage (Figure 38), this action produced an increase
i - of 11.3% in the pressure drag and a slight reduction of 0.65% in the skin- .

friction drag. Like the case of a flat plate nearly perpendicular to the flow

direction, the increase in.the pressure drag was entirely due to the disruption 3

TS

of the external flow field by the pressure of the blunt nose. In other words,
the pressures on the blunt-nose panels of the fuselage approached the stagna-
tion pressure, while the pressures on the '"same' panels of the original fuselage

were far less than the stagnation value. With the pressure distributions there-.

fore changed, integration of the pressures over the entire surface produced a
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net increase in the pressure drag. The skin=friction drag decreased primarily é

because of a decrease in the surface area..

Although modifications to body shape may be seen to affect the drag more
or less, the main purpose of this work is to determine suitable locations for A

the intake and exhaust sites of the air mass flow for effective cooling and

minimum adverse disruption of the external flow field. Intuitively, the loca- 3

;: tion and size of these sites should be dependent on or influenced by the power

setting and the magnitude of the effective orifice area of the engiue.
Approximately 20 computer runs of the FLOWBODY program were performed on

the blunt-nose Cessna fuselage. For the fuselage with the specification of the

et
i i b

identical intake and exhaust sites and the same initial effective orifice area

(Figures 44, 45, and 46), the total drag coefficient CD was found to vary

A o

linearly with power (Figure 47). The validity or pausibility of these drag

E 3 coefficients may be seen by comparing the present results with those from wind-
(

f tunnel tests of a. light single-engine aircraft [Reference 18] and a light twin-
eugine aircraft [Reference 19]. The power settings were converted to thrust 4

coefficients, and the drag coefficients of the present method were plotted along

with those from wind-tunnel tests corresponding to zero lift. It can be ob-

ETEINGA- PR S

served from Figure 48 that the present method yielded drag coefficients approx-

Nimad e

imately 60-70% below those from the wind-tunnel tests. Whereas, the wind-
tunnel tests considered the full aircraft configurations, the present drag-
coefficient extractions pertained only to those of the fuselage and, therefore, j
should be only 30-40% as large. The curve representing the results of the

single-engine aircraft's wind-tunnel tests is shown to behave remarkedly dif-

ferent from that of the twin-engine aircraft and the present method's findings.,

Such behavior may be attributable to higher local Reynold's numbers or to small

77

- etk R TR R
T A 1 T I R T 7 T T T Y VR S ST A T A Syt e e




o
i

lhaia il R

L v TR mmER e T e e ey Ly

ORIGINAL PAGE IS
OF POOR QUALITY

or modarate flow separation. Further comparisons for similarly-shaped fuselages

of References 9, 20, and 21 indicated that the extracted drag coefficients were . .

indeed well within the range of typical values.

Upon the designation of specific panels on the body as air intake ports or
exhaust ports, the FLOWBODY program assumes that the pressure coefficients on
the "opened" panels are equal to those existing on the same impermeable panels
of the closed body. In actuality, the pressure coefficients may be quite dif-
ferent if the respective panel areas are large in comparison to the total area
of the body. Careful attention must be paid to satisfying this assumption if

reasonable results are to be obtained. Since this analysis considers the

interior of the body as essentially a "black box" containing an orifice (engine),

a pressure drop normally occurs between the intake ports and the engine and,
again, between the engine and the exhaust ports. Therefore, determination of
two interior pressure. coefficients is necessary to balance the mass flow pro~ -
perly. Since ﬁhe models for the program consist of an arrangement of a large
number of panels f(each having its own pressure coefficient), the assumed pres-
sure coefficients for the intake and exhaust ports are area-averages of those
pressure coefficients existing on the individual sites.

As shown in Figure 49, an interesting and powerful result occurred when
these pressure coefficients were plotted as functioms of the effective orifice
arca, while the power and the intake and exhaust sites remained fixed. As the
effective orifice area (EOA) was increased, the difference between the two
interior pressure coefficients decreased. When EOA was increased to and beyond
a value of 0.12 m2, the interior pressure coefficients had asymptotically
approached a common value of 0.692. Therefore, a limiting value of EOA can be
determined for each power setting and avrangement of irtake and exhaust ports.

Significant drag reductions were also observed as would be expected since the
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engine is now effgctively out of the flow path. At these areas, cooling can be

expected. to be ninimal., As depicted in Figure 50 (extracted from Figures 351,

52, 53, and 54), the total drag coefficient for the blunt-nose Cessna fuselage

operating at the indicated test and freestream conditions decreased to 0.01240

s TEERE

(a 28.5% reduction in the drag of the same 'closed” body) as the limiting EOA

was reached. Since the_mass flows entering and leaving the body are equal,
sufficient air mass flow for effective engine cooling may be easily determined
once the cooling requirements are known. It should also be noted that above
the limiting EOA the drag no longer decreased but remained constaut, Hence, a

minimum-drag condition may be determined for each power setting and arrangement

of the air intake and exhaust ports. 3

Intuition would suggest that the limiting EOA should be related to the

intake and exhaust areas. Since the intake and exhaust pressure coefficients

; aré determined by area-averages which in turn limit the range of values for

! the interior pressure coefficients (see Figure 49), their magnitudes and signs

wyuld indeed be functions of these areas. Upon this recognition, possible. )
"optimum" sites_for the air intake and exhaust may be chosen at the outset of

the problem.

3 Cowl air intake and exhaust sites must be suitably designed and located
so that they provide adequate engine cooling and carburetor induction and pro- ]

duce minimum pressure-loss and favorable interactions with or minimum disruption

to the external flows. Furthermore, they must provide good entrapment and
extraction of the cooling air. The present method presumes that flows enter

and exit the body normal to its surface and, consequently, must be of relatively
low velocities to avoid severe disturbances to the external flow. It is advaﬁ-

tageous to obtain prudent insight for judiciously selecting the proper sites.
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A fundamental knowledge of fluid dynamics is effectually sufficient for this
* task.
¥ Several representative test cases were performed on the blunt-nose Cesana : . !
fuselage to yield the following general results:

(a) Exhausting cooling air into concave regions of the fuselage at

relatively low velocities results in significant decreases in

over-all pressure drag, probably because it effectively increases ! i

body streamlining. Two typical regions where this is particularly ) i

effective are immediately upstream of the canopy and immediately o

downstreanm of the canopy.

(b) The volumetric flow rate of cooling air passing through the fuse- . ‘q

lage should not exceed the amount required for cooling because . - ;
significant drag increments are associated with excesses. Since ) i

the flow rate depends upon the flight conditions, provisions

should be available for controlling this flow rate. This sug-

gests the use of flush, sliding cowl flaps which efficiently

ragulates the flow by varying the area of the exhaust port.
(c) For good entrapment and extraction of the cooling air and

minimum pressure loss, intakes should be located over regions

with pressures near that of stagnation and exhausts should be

located in low-pressure concave regions such that the exhaust {

flow produces a minimum disruption to or a favorable inter-
action with the external flow.

(d) Sharp edges, bluff frontal surfaces, and short afterbodies
should be avoided. These are found to produce significant

regions of flow separation and therefore increased drags.
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The results of the 20 test cases conducted on the blunt-nose Cessna

fuselage were insufficient to establish the "best" minimum-drag condition(s)

T e T

f applicable for a wide range of light aircraft.

- for a particular power setting. The majority of the cases were performed to

E' f observe the behavior of the results, and thus only a small number remained \fg
E‘; for further verifications and comparisons. Although limited in scope, three ;
Efi additional fusélage shapes were iqvestigated to yield results consistent with !
? E those of the blunt-~nose Ceséna., Without much fear of contradiction, the re- ;
i;g peated occurrence of consistent patterns w;s perceived as generalizations |
»
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Body Description: Cessna 182 Fuselage Model :
Flow Description: Uniform :

|
v
\
3} ~ '
i - -\ i ‘
] : a
- 1.
:
Test Conditions: ;
L Freestream velocity (VINF), m/S€C .ceevirivsvsnsassnscnsenes 48,768 '
; Freestream density (ROE), kg/m3 cesssesssssasssssesssssese 1,2252 s
hi Kinematic ViSCOSity (VO)é m /SEC $ 06 88 0048000000 08000800s00 1.486 X 10 . ;
ﬂ{ Refercnce area (REFA), M cesscscesssscsnrsnscossrarsances 16,165 @

Developed engine power (DEP), kW scceveiirrenssrnecsnnnses 0.0
Re)'nold's nt‘mber l..I.l.“..»I‘..l..lll.....lll.ll.lll.l'... 24’420’000

Analysis Results:

| Pressure €, (/o wake-body) +eveervsiersraeess 0.00446

Pressure CD (w/o wake=body) «evicesesnsvansses 0.00488

Friction CD 9568006880000 00808 00080380008 0ss00ec0 0'00780

Pressure CL (with wake=body) +sceveivcrecesasss 0,00444

P R VI WUEC S OU- T DU RS SN LR

Pressure CD (With Wake-body) se00s0 10008000000 0.00491

Total Body cL = 0,.00444

Total Body CD = 0,01270

DU PV IP S IEySS- o U

Figure 32: Results of Cessna 182 fuselage model with uniform flow
(power-off).

AP L

S

82

L
|
i




r e YR OWEIRIRTEER TY WTATTRTINTIRY T AT TR N WETETEA TT, TR R AT T OTRy eyt o T th TR T C Linhie 1 lad Libdl . K Mk = ad Bl o el ot o
' v b b d j
\

o ORIGINAL PACE 1S
. OF POOR QUALITY

Body Description: Recontoured Ceassna 182 Fuselage Model
Flow Description: Uniform

\
4
; R
g ;
! =T~ _
; :
i ¥
l - - 1
d : o
S i
‘i;‘, 1 .
g : {
3 , )
g :
|
Ej Test Conditions: f
; : i'.:
3 Freestream velocity (VINF), m/sec Ceecesecstssssssssessanss 48,768 ;
\ Freestream density (ROE), Kg/m3 tevveecnocrenronnnaasanass 102252 -5
Kinematic viscosity (VO), m?/8€C sevveceeseasvacscnsssssss 1,486 % 10 ‘
Refe!‘t‘nce area (RLF‘\) 'oc.01000|c.o-cooocoo.onot-ooouol16 165 :
Developed engine power (DEP) KW sovevnccnnocasscscaansese 040 K
Reynol({ s number 2 9 4 5 % 0 5 0 8 2O S G I QO EO S P SBE AN 24 420’000 :
| k
; Analysis Results: )
:I. !
1 Pressure CL (w/o wake=body) ceeecrassenessases C,00425 J
i 7
?\ Prcssure CD. (?/0 WakE"bOd)’) LI IS SN NS S R N I R S ) 0000507- i
‘r :
Fl‘iCCiOﬂ CD A8 0 008 8480088508008 5008008 0808000080800 0'00783 )
| :
; Pressure C, (with wake-body) «evevvrrveannsess 0.00423 R
Pr'e ssurc CD (with wake-body) ® 8 60 0 0 28 5858580089080 0 [ ] 00509 ,
i
Total Body CL = 0.00423 |
Total Body C, = 0,01291 b

Figure 33: Results of recontoured Cessna 182 fuselage model with
uniform flow (power-off).
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E Body Description: Blunt-nose Cessna 182 Fuselage Model
: Flow Description: Uniform

v ;
y o
a-
| = .
o —
L
]
-
%fi Test Conditions:
3 S
3 Freestream velocity (VINF), m/8eC socevvrsncsceccnnacanses 48,768 , Q
3 Freestream density (ROE), k§/m3 Veessessssassesasnesssanse 1,2252 -5 ;
: Kinematic viscosity (VO)2 M2/SEC sovavssnscasassssssssacss 1,486 x 10 l
‘ Referel\ce area (REFA)’ m -‘.'ll.....l‘.....l....'.O,‘l.ll.l 16.165 :\
Developed engine powver (DEP), KW covvvcrcncscrasncaccronss 0.0
Reynold's number ....“..‘..';‘.....“......I.....'.‘.‘..... 23’750’000
i Analysis Results:
? : Pressure C; (w/0 wake-body) +eseescacscesssso. 0,00633 x
f ‘ Rressure.CD (w/o wake=body) seeesesersescsases 0,00539 .
: 5
]
ErictionvCD l..‘l‘.l‘.ll.ll..'l.l..l..O.Q.I.C. 0.00772 ' :!
. i
" Pressure CL (with wake=body) +essvessoesssesss 0.00651 i i
Pressure CD (with wake-body) ..o vevecicecnss 0.00542 j
|
Total Body C_ = 0.00651 J
. i
Total Body Cj = 0.01314 ;
q
Figure 34: Results of blunt-nose Cessna 182 fuselage model with ;
uniform flow (power-off). j
o
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Body Description: ATLIT Fuselage Model
Flow Description: Uniform

Test Conditions:

Freestream velocity (VINF), Mm/S€C tevvevevisnnovnsennnnsss 48,768
Freestream density (ROE), k§/m3 teessessersrernsenasnsases 162252
i Kinematic viscosity (VO), m

e T e AL S Ty T T L R L L RS P e e W e

/Sec $6 0 5800000000000 000000000 1’486x10-5 ¢

Reference area (REFA), m P T Y14 ' i
Developed engine power (DEP), KW vv.ieveuunennnnnnnncensesns 0.0
Reynold's number ..ll..l....'.l.l......I....‘I..I.-ll..... 28'_250’000

Analysis Results:

e es e . T

Pressure CL (wlo Wake-body) S0 8000080000000 0 0.00329

i‘f PrESsure CD (W/O Wak8°bOdY) 2000008000 0000000 0‘00222 ‘j.'
i Friction CD ‘..‘.‘..li‘....l.l..l.....ll..lll.. 0.01057- zi
4
Pressure cL (with wake-body) S0 0000000000800 0’00300 ‘
Pressure C, (with wake-body) ................. 0.00242 1
Total Body C, = 0.00300
Total Body C = 0.01299 | ]
Figure 35: Results of ATLIT fuselage model with uniform flow (power-off). ‘
1

et
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Body Description: ATLIT Nacelle Model
Flow Description: Uniform

| | ﬁ
5 = 3
= ;
b ;
E ' Test Conditions: ;
P v
g Freestream velocity (VINF), m/8€C +veeevecsortsnesssonsess 48,768
. Freestream density (ROE), k§/m3 Ceesececesssasscasessssnss 1,2252 -5
; Kinematic ViSCOSit)’ (\'0) m/sec .O‘ll.u!.l..0000000.0'.0.1»4»86 X 10
. Reference area (REFA), m teeseesesssassassscanrsencssnses 14,40
; Developed engine power (DEP), kW tesessssesscssesssessanss 0.0
S‘ Reynold's numbet -ou.l.u.lloooooooto.-noo&-no.o.»o.-unoo.o9’6679000
o Analysis Results: f
: 3
‘ Pressure CL (w/o wake=body) ccecsescrescsocsss 0,00229 -
i Pressure Cj (w/o wake=body) ceceeesssseccssass 0,00391

Friction CD ....‘.....l.....ll....."'...‘....0.00308 t
1
Pressure.C, (with wake-body) seceeeresscssasss 0,00235 :
Pressure CD (with wake-body) cececeerccecieses 0,00414
Total Body C, = 0.00235 ' y
Total Body CD = 0,00722

Figure 36: Results of ATLIT nacelle model with uniform flow (power-off).
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Body Description: Fat Nacelle Model OF POOR QUAGLE‘#
Flow Description: Uniform

2

3 = -

;,\ / _— 4

; i et

P o — I

! 1 E

3 |

E: — :

’E,

3 ‘1!
4
X

Test Conditions: L

l’ . Freestream VelOC1ty (VINF), m/sec eessserssasssesncsesasss 48,768 i 7

o Freestream density (ROE), k§/m3 seesssssesaresrssveesoanse 1.2252 .5 1

?« ) Kinematic Viscosity (vo) m /Sec LR R R R L I N R N N S P S 10486 X 10 . T l :§

L ! Reference area (REFA)’m 80 0P 000G IINGEOEIIOOILEIGLNEOGOELLGOEGLES 14040 I ’

Developed engine power (DEP), KW .iccevvernorocnancessssnss 0.0
Reynold's xlumber l.l.0..Ill.I..Clll.-.-.v.~...ll.».~..".lll..“ 9’628’000

icoilei . .

Analysis Results:

PreSSure CL (‘V-[,O wake"body) S0 000000000000 0‘00228

Pressure ¢y (w/o wake=body) svvivevrirrnannes. 0.00331

Friction CD 0050280040000 00000000800 00000080 0000356

q Pressure CL (with wake-body) «vvevvvivensnsss. 0.00240

Pt‘essure CD (‘Jith Wake-body) #0080 006000000000 0'00317

Total Body C, = 0,00240

L
Total Body Cy = 0,00673

L B T T s S e

s

Figure 37: Results of a fat nacelle model with uniform flow (power-off).
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Body Description: Cessna 182 Fuselage Model
Flow Description: Nonuniform

o
\
s
]
]

1\

L.
]
F'
3

Test Conditions:

Freestream velocity (VINF), M/SEC evresscorasasvessssanss, 48,768

£ Freestream density (ROE), kg/m3 ¢evveeiiesrenerinnnnnansss 1:2252 -5
Kinematic viscosity (VO), m€/S€C +vuivussenosscnnssssssass 1.486 x 10
Roference area (REFA), m A -1
Developed engine power (DEP), KW tuusevenssancasncesenssss 100.66
Reynold's NUMDEL +ovveraveseocneonsssasnrsnsssssssesssssss 24,420,000

Analysis Results: .

Pressure CL (w/o_wake-body) seeeiscsenossnsess 0.00358

T T T e T LA Ty T AT e e

PrQSSUl‘e CD (W/O WakE"bOdY) ® 6084566088000 58.0.0000 0000930
Fric:ion CD~..‘.Il-‘xl.lll.l..l..l.l.l..l.lll.l.\ 0.00699

Pressure CL (with wake-body) seveevecvensassss 0.,00354

Pressure CD (with wake-body) «.eveevvaseaeesss 0,00934

Total Body CL = 0,00354

Total Body C, = 0.01633

Figure 38: Results of Cessna 182 fuselage model with nonuniform
flow (power-on).
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3 Body Description: Recontoured Cessna 182 Fuselage Model

: Flow Description: Nonuniform

;.\

§

{ T~

| z S l
it -t

! -

tt

Test Conditions:

e s S e ey
ey

Freestream velocity (VINF), m/SeC ceovvssnccerccearosannes 48,768
Freestream denSity (ROE), kg/ms TR R R N R N N ] 1.2252 -5
m

Kinematic viscosity (VO) 1.486 x 10
: 16,165

[/S€C cossvrsrsncsssssssatonans

Reference area (REFA), M cooscsocessssssssessssssosssososes 4
Developed engine power (DEP), kW soccenniancentanncecinane 100.66 ;
Rﬂ‘ynold's NUMDEY .coesscssssossssssssssssencsssssscessssssns 24’420,000 N
L
4

Analysis Results:

5 Pressure C| (w/o wake=body) secevsssasvesessss 0,00330

Pressure CD (w/O Wake—body) s esssases s Nt B 0.00934

Friction CD X R EEEEERE RN N N S A B IS A B B IR I B B 0.00699

ik el e b

Pressure CL (with Wake-body) RN N N 0'00326

Pressure CD (with wake-body) seeeesscacasasss. 0.00926

Total Body cL = 0.00326
Total Body CD = 0.01623
{
Figure 39: Results of recontoured Cessna 182 fuselage model with
nonuniform flow (power-on). i
]
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: Body Description: Blunt-nose Cessna 182 Fuselage Model
i, Flow Description: Nonuniform

v

r

3 -

i —~

& il Bn i

Test Conditions:

Kinematic viscosity (VO)

Analysis Results:

Pressure CL (w/o wake-body) ..cecesssssrcnaces

Pressure CD (wlo,wake-body) 2 66 06806800 0680000208080

Friction CD 06 666 08 0088550000000 00000800080

Pressure CL (With wake"bod)') sessssesssresrn

Pressure CD (with wake-body) ..cocovecrsennnss

: Freestream velocity (VINF), m/S€C cveccscensarcrcescannnne 48.768

* Freestream density (ROE), k§Im3 ceersseseeanasesareeneenne 1,2252
ME/BEC veeeevsrnsnssavncccnssnes 1,486 x 10

Reference area (REFi), M® ceeseecesarvsesssssosassssscsnses 16,165

Developed engine power (DEP), KW (.coivvvannsenncccccnnnns 100,66

Reynold's NUMBET «eceevssceassvssnnnssssassscsnssssesseese 23,750,000

0.00514

0.01035

0.00694

0.00510
0.01040

5

SR UUPUPR LT PN | V- L e S |

3
-8
h
Total Body C, = 0.00510 ’-_
Total Body CD = 0,01734 ;
b
| L
I
Figure 40: Results of blunt-nose Cessna 182 fuselage model with t i
nonuniform flow (power-on). P
y
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Body Description: ATLIT Fuselage Model
Flow Description: Nonuniform
\"i'
1
E
}
Test Conditions: 4
]
Freestream velocity (VINF), m/SEC ceeevtrcivenssasrsosnses 48,768 ]
Freestream denSity (ROE), kglma 8 00008800 0008 a0 RBNLBED 1’2252 _5
Kinematic viscosity (VO), m“/S€C ceseeveiransncisrnnsesess 1,486 x 10 q
Reference area (REFA), M® ceveveenrenoanesessansaanennnsss 14,40 ]
Developed engine power (DEP), KW tcivuuvevinnsssasannnssss. 100,66 ”
Reynold's number S 0 5 4 00 88005 560060 58 55 8558008008403 0080805080800800 28’250’000
Analysis Results:. X
"
Pressure CL (w/o Wake"bad)') L R N N S A A S A N N I A A W' 0!00246
Pressure Cp (w/o wake-body) +s.veeevernerssssss 0,00231 {
Friction CD S 6 8.0 3.0 0080803000008 80008 80080808000 0000927 4
1

Pressure CL (with wake-body) s.oevivvrnasaeses. 0,00223

Pressure C, (with wake~body) .vceviiervencises 0,00271

Total Body cL = 0,00223

Total Body CD = 0,01198

Figure 41: Results of ATLIT fusealge model with nonuniform flow

(power-on).
== | ! !
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Body Description: ATLIT Nacelle Model
Flow Description: Nonuniform

Test Conditions:

Freestream velocity (VINF), m/Sec «vesecestsassrcscncscoss 48.768
Freestream density (ROE)’ k%/ms ....‘....'..l.l".‘...‘... 1.2252
m

Kinematic viscosity (VO)

Reference area (REFA), MS scocecccccsoconassanccrcscnse

Developed engine power (DEP), KW c.cececacsceconcanes

/Sec e0 s 08 0008008000 s0BR NS

veee 14.40

1.486 x 10~

100.66

ReynOId'S number ‘00--00aol.lhlauoooolololoo.l.-.oll-oooc. 9,667’000

Analysis Results:
Pl‘essure CL (W/O WaRE‘bOdy) ss 080000 a0 00000t

Pressure CD (w/o wake-body) s 060 080080008080

Friction CD 606600 8000806888000 30806800000 0080000 b00e

Pressure CL (with wake-body) eccecescscscccnss

Pressure Cp (with wake-body) sccecoseccccnsece

Total Body CL = 0,00189

Total Body CD = 0.01046

0.00182
0.00745

0.00285

0.00189

0.00762

Figure 42: Results of ATLIT nacelle model with nonuniform flow

(power=-on).
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OHIGINAL PAGE
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Body Description: Fat Nacelle Model
Flow Description: Nonuniform .. )

I’
. 1
i3 - X
o8 ]
é - ; 3
N »
:
C
Test Conditions: % ks
r %- ;
E Freestream velocity (VINF), m/Sec ccovcronvorococnecnnanes 48,768 L
; Freestream density (ROE) ’ k§Im3 T I R N R O e s 8 e s b B0 00 o s 8 000 1' 2252 -5 4
' mnematic \'iS.COSity (VO) m /Sec et s ee et es s s e sess sl 10486- X 10 ; . A“
g Reference area (REFA), M& soceescercnsoscosassassocanaones 14.40 P
: DEVEIOPEd engine POwer (DEP), kw T Y R RN A A R A 100066 ‘1
“ Reynold's number s 6 0 5 008 0 a8 06 08 80 .’l s 8 68 0000 s e s s 0 00000 * 8 9’628’000 (J
é Analysis Results: }
- _ e
; Pressure C; (w/o wake-body) .essossrsocsaroncs 0.00187
Pressure C, (w/o wake~body) sciiercrcesinacnns 0.00894 :
Friction CD a8 80608 a0 I...C‘........ a0 00 o0 08 s0 0.00323 } . ”i
'1
Pressure C, (with wake-body) ...covesassseccss 0.00199 i
Pressure CD (with wake-body) ceceveccenrnnsecs 0.00879
Total Body C =..0,00199 '
i b
Total Body C, = 0.01203 ; ]
Figure 43: Results of fat nacelle model with nonuniform flow -3
(power=-on). :
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ORIGINAL PAGE 13
OF POOR QUALITY.

Body Tescription: Blunt-nose Cessna 182 Fuselage Model ...
Flow Description: Nonuniform

S T R A N

(Shaded areas denote ports for air intake and exhaust)

Test Conditions:

Freestream velocity (VINF), m/Sec «cveeecvecncesscecenenee 48,768
Freestream density (ROE), Kg/m3 .ecvveasevosnasnnsonacases 1,2252
Freestream temperature (TINF), %K ...eceecevevasccecacees 288,86 o
) Kinematic viscosity (VO), m2/S€C ..coevsescvsccacsonsescss 1,486 X 107 -
L Constant-pressure specific heat of air (CPHA), kJ/kg°K ... 0.3095
: Reference area (REFA), M2 cvvevesnesssosossasssanssccsssss 16,165
: Heat of combustion of fuel (HVF), kJ/Kg «.ccvvvveneecsscsas 41787.54 4
5 Specific fuel consumption (SFC), kg/kJ cevvecsvanvansesses 1,5561 X 10
Developed engine power (DEP), KW ...cucscvsosancancnnscnns 74.563
! Initial effective orifice area (EOA), M2 ceeeencenoossnoes 0,04645
3 Reynold's NUMDEr «.ceeevecrasasssusonsssonssasnsnsssnaooes 23,750,000

i Tl Z e e DY i it S el s

Specification of non-zero normal velocities

Input Code: MS1 MS2 NS1 NS2 Panel No. Type : 3
1 2 1 2 1 Intake L
3 4 1 2 5 ntake o
4 5 1 2 7 Intake '
5 6 1 2 9 Intake 1
6 7 1 2 11 Iitake i
7 8 1 2 13 Intake ' ' j
8 9 1 2 15 Intake
16 17 5 6 111 Exhaust ]
17 18 5 6 113 Exhaust i
18 19 5 6 115 Exhaust y
19  20. 5 . 6 117 Exhaust a

20 21 5 6 119 Exhaust i

Figure 44: Results of blunt-nose Cessna 182 fuselage model (nonuniform -
flow, 74.563 kW power, intake and exhaust ports).
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ORIGINAL PAGS 13
OF POOR QUALITY

L Analysis Results:
C
o =-0,02949.. . !
.} | (Average Cp) inlat ™ 0,72902 (Average cp_)exhaus e }
o Inlet area, m2 = 0.07158 Exhaust area, m2 =.-0,08294 |
¢ | t :
n T/T, = 0,681 Final EOA, m2 = 0.03833 N
- ® S ]
N ©
. c = 0,64605 A
N p b,
¢ = 0,35667
:V p
4 xx ]
- .
e
:’l Pressure CL (w,o wake"body) sess st sttt 0.00276
i,
2 Pressure CD (w/o wake=body) seeececeisasansass 0,00656 ;
* P
) Friction CD A 0 5 908668 0008 0060560606080 8020800000 8es0 e 0000666 E 3
l i
o [ ;
: PteSSurt! CL (With Wake—body) st et ettt rR RS 0O00273 : '€
; Pressure Cp (with wake=body) eceevvvacsronrses. 0.00660 4
Total Body ¢, = 0.00273 i
)

Total Body C, * 0.01326

Figure 44: Concluded
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ORIGINAL PAGE 13 .
OF POOR QUALITY

Body Description: -Blunt-nose Cessna.l182 Fuselage Model

Description: Nonuniform

(Shaded areas denote ports for air intake and exhaust)

Test Conditions:

Freestream velocity (VINF), m/Sec cecevesvccsccscscnocnnes
Freestream density (ROE), kg/m> .icicevvsrocccstecsiocenes
Freestream temperature (TINF), ®K c.ccccrtosscssseanconcns
Kinematic viscosity (VO), m2/S€C seveevverssnoracscasonans
Constant-pressure specific heat of air (CPHA), kJ/kg°K ...
Reference area (REFA), M2 eeeecesncosososssescsssosannonss
Heat of combustion of fuel (HVE), KJ/Kg «ccovtveerescsnnes
Specific fuel consumption (SFC), kg/kJ ...cceveicieancanes
Developed engine power (DEP), KW .ceviocesescsncacecassces
Initial effective orifice area (EOA), M2 ieesenonosnannns
Reynold's number «ec.ceesesssosscsacscccccasanossasssssancs

Specification of non-zero normal velocities

Input Code: MSL MS2 NS1 NS2 Panel No. Type
1 2 1 2 1 Intake
3 4 1 2 5 Intake
4 5 1 2 7 Intake
5 6 1 2 9 Intake
6 7 1 2 11 Intake
7 8 1 2 13 Intake
8 9 1 2 15 Intake

16 17 5 6 111 Exhaust
17 18 5 6 113 Exhaust
18 19 5 6 115 Exhaust
19 20 5 6 117 Exhaust
20 21 5 6 119 Exhaust

48.768

-1.2252

288.86  _
1.486 X 10
0.3095
16.165
41787.54 _
1.5561 x 10
100.66
0.04645
23,750,000

5

4

Figure 45: Results of blunt-nose Cessna fuselage model (nonuniform

flow, 100,66 kW power, intake and exhaust ports).
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ORIGINAL PAGE I3
OF POOR QUALITY
Analysis Results:
3 - N - .
(Average Cp) inlet 0.70333 (Average Qp)exhaus.t 0.15529
Inlet arca, m> = 0.07158 Exhaust .area, m® = 0,0829 |
" T, /T, = 0.640 Final EOA, m? = 0.03715
L | |
: c = 0.60290 !
| Px S
; cp = 0.2300% g f
-\ XX N
: |
f 1
; Pressure CL (W/O wake-bOdy) s e ss et s s LS 00 00195 ‘
? Pressure CD (w/o wake-body) ceeeseaiieonnerans 0.01035 : ;
3 ; 1
Friction CD .“Dhl.“'.ll."..'.".'ll ..Cl'... 0.00613 ‘\ :!
|
PX‘&‘SSUI‘& C[ (\"it}l wake—bod}") cesees Bl LR 0'00190 ‘1 E
' |
' PK‘.CSSUYO Cn (With \\YE‘.kC_dey) eo0 s ac e s L LSS s 0'01040 {
; :
: Total Body C.I = 0,00190 ' ;
* !

Total Body CD = 0,01654

Fieure 45: Concluded.
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Body Description:
Flow

Description: Nonuniform

Blunt-nose Cessna.l82 Fuselage Model

IS Gl itk Caainiiat G dd)

Test Conditions:

(Shaded areas denote ports for air intake and exhaust)

Freestream velocity (VINF), m/S€C coevescvocecnrocsnscnnnse
Freestream density (ROE), kg/m3 ..c.viiuiiiinnrnaceinannss
Freestream temperature (TINF), ®K tceeeveeesnesscarossnnns
Kinematic viscosity (VO), M2/SEC «ivevrsonceesressrosonans
Constant-pressure specific heat of air (CPHA), kJ/kg°K ...
Reference area (REFA), M2 vvvevcessnvonncesosnsssonnsoanns
Heat of combustion of fuel (HVF), KJI/K8 ccoevcevevsosancss

Specific fuel consumption (SFC), kg/KJ ..cvvecerecacinsnns

mveloped engine power (DEP) , kw % 6 8 685060 0602 0000800480880 080
Initial effective orifice area (EOA), M2 ..eievrvonnconenss
Reynold's number ...-..........................“.‘........

Specification of non-zero normal velocities

98

Input Code: MS1 MS2 NS1 NS2 Panel No. Type
1 2 1 2 1 Intake
3 4 1 2 5 Intake
4 5 1 2 7 Intake
5 6 1 2 9 Intake
6 7 1 2 11 Intake
7 8 1 2 13 Intake
8 9 1 2 15 Intake

16 17 5 6 111 Exhaust
17 18 5 6 113 Exhaust
18 19 5 6 115 Exhaust
19 20 5 6 117 Exhaust
20 21 5 6 119 Exhaust

48.768
1.2252
288.86  _
1.486 X 10
0.3095
16.165
41787.54
1.5561 X 10
223,69
0.04645
23,750,000

5

Figure 46: Results of blunt-nose Cessna 182 fuselage model (nonuniform

flow, 223,69 kW power, intake and exhaust ports).
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Analysis Results:

s mm s st

e s

ORIGINAL PAGE IS
OF POOR QUALITY

= (,60655 -0,
(Average Cp>in1e.c 63 {Average cp)exhaust _.- -0.41775
Inlet area, mz" = 0,07158 . Exhaust area, me = 0,08294
/T, = 0,522 Final EOA, m? = 0.03356
c = 0.44380
Py
c = =0,29653
Prx
Pressure C; (w/o wake-body) «ceveeccrcecoaeess 0,00051
Pressure CD (w/o wake~body) eseececrsraocscnns 0.02648
Friction cD ....l........l.......l.‘..l....l.l 0.00768
Pressure C/ (with wake-body) .eeevssssevecenns 0.00037
i Pressure CD (with wake=body) ceceeececoscannes 0,02658
Total Body C, = 0.00037
Total Body CD' = 0,03427
3 Figure 46: Concluded.
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0.03 ) :
o
b
cp o002 .
]
°0° l B
0 L 9 1 'Y 1 L 1 L | . 5
60 €0 100 120 140 160 180 200 220 240 .
2 Power, kW !
js Figure 47: Variation of total drag coefficient Cp with power for blunt-nose ?
= Cessna fuselage model with fixed intake and exhaust sites.
L %
e . ‘
|
i v $ |
| o6 k
- NASA TN D-6238 (Twin Engine) /
- ost \ " ]
04 | ;/ —
}" .
/ Cp o3 —" NASA TN D-5857 (Single Engine)
b o
j
- .02 =~ 3
| ¢ "\ ;
ot F Present Method's Predictions
° 'y i 1 | 'l 1. b . 1 1 L__.
] o2 .04 .06 .08 .10 42 14 16 A8 .20
Cr

[ RV A

Figure 48: Comparison of drag coefficients Cp between prediction and
wind-tunnel tests.
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Figure 50: Behavior of drag coefficient with effective orifice area.

)
oer ‘/i- (average Cpliniet
0.7}
0.6
[}
Cpb 0.5} L
i L
] H
0.4} i
'
, "5;
0.3} | ' ?
\L-(averagg Cp)exhaust v ,
0.2 . I A 4 ! 1 i A i e "
0 .02 .09 .08 .08 10 Jd2 14 16 A8 _ -
Effective Orifice Area EOA, m2 L
Figure 49: Behavior of pressure coefficients with effective orifice area. |
'.5
:
]
!
Oy, A
Op GUVA .
Lol p "
4, A
Cp '
. l‘.i
Je A | b 1 3 3 N s e }
0 02 .04 08 . .08 A0 e 14 A6 18 1
Effective Orifice Area EOA, m? i
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,RIGINAL PAGE 18
OF POOR QUALITY.

Description: Blunt-nose Cessna. l82 Fuselage Model
Descriptions Nonuniform

(Shaded areas denote ports for air intake and exhaust)

Test Conditions:

Freestream velocity (VINF), m/Sec teesecseoccccncsccrassce 48,768
Freestream density (ROE), kg/m3 .eeeuvevvecarsasannincnons 1,2252
Freestream temperature (TINF), °K c.coevvcorervivncconaeee 288,86 o
Kinematic viscosity (VO), m2/S€C eeeeeeeevcsscssonossosees 1,486 X 10
Constant-pressure specific heat of air (CPHA), kJ/kg®°K ... 0.3095
Reference area (REFA), M2 «vcevesscosssasseansscsnassoness 16,165

Heat of combustion of fuel (HVF), KJ/Kg seveeceveeeceansss 41787.54 »
Specific fuel consumption (SFC), Kg/KJ «coviveenccsancncne, 1.5561 X 10 .
Developed engine power (DEP), KW .civeeccesronascsscscnnnns 74.563
Initial effective orifice area (EOA), M2 ..veuvveessnasess 0,02322
Reynold's DUMDEr +ecvssvecsioossavasesansssnsanassasssncss 23,750,000

Specification of non-zero normal velocities

Input Code: MS1 MS2 NS1 NS2 Paunel No. Type
1 2 1 2 1 Intake
3 4 1 2 5 Intake
4 5 1 2 7 Intake
5 6 1 2 9 Intake
6 7 1 2 11 Intake
7 8 1 2 13 Intake
8 9 1 2 15 Intake
16 17 5 6 111 Exhaust
17 18 5 6 113 Exhaust
18 19 5 6 115 Exhaust
19 20 5 6 117 Exhaust
20 21 5 6 119 Exhaust

102

Figure 51: Results of blunt-nose Cessna 182 fuselage model (nonuniform
flow, 74.563 kW power, 0.023 m2 initial EOA, intake and exhaust ports).
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W, PAGE W
ORIGINAL PACE
OF POOR QUALITY

Analysis Results:

= (0,72902.. .
(Average Cp)inlet 2 (Average cp)exhauat = 0.32620 ,
Inlet area, nl- = 0,07158 Exhaust area, m2 = 0.05109
’ . | ,
/T, = 0,542 Final EOA, mé = 0.,01709 RN
! k
¢ = 0.70938
Px -
¢ = 0.36477
Pyx
! 3
: |
Pl‘essure CL (W/O Wake-body) O N N NN 0’00384 ) 1 :J
Pressure CD (W/O Wake-body) S s ee s s 000000000 0'00787 ‘]
Friction € vuevesnens s sanmsmsnssssnssssnsnrss 0200665 E E
Pressure C (vith wake~body) cevessecessesesss 0.00381 ; :
Pressure Cg (vith wake=body) +eeesesseassases, 0.00791 ;
Total.Body C, = 0.00381 .
Total Body C = 0.36477 s ;
l .
| .
, | i
’ i
Figure 51: Concluded. )
§
; 1
]
1
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ORIGINAL PAGE 1S
OF POOR QUALITY

Body Description: Blunt-nose Cessna.l82 Fuselage Model....
Flow Description: Nonuniform

(Shaded areas denote ports for air intake and exhaust)

Test Conditions: ..

Freestream velocity (VINF), m/S€C cceveeecsassscssssnsasns
Freestream density (ROE), Kg/m3 ..eveveevironnenacernonaas
Freestream temperature (TINF), ®K tveeeectetvrnscncsncnnes
Kinematic viscosity (VO), M2/SE€C evveerveerunnnsnsonssnnnes
Constant-pressure specific heat of air (CPHA), kJ/kg°K ...
Reference area (REFA), M2 «.vvvveensevenncsresvonnanncnsss
Heat of combustion of fuel (HVF), KI/KE tvvevenssnccccnens

Specific fuel consumption (SFC), Kg/KJ «.ciiiviuncarnenans

Developed engine power (DEP), KW sovceveessssnsnscnsscnnss
Initial effective orifice area (EOA), M2 ..evevrivecesenaan
Reynold's numbEr l....lv..:...‘..ll‘l.l‘ll..l.lll‘..ll'...l'

Specification of non-zero normal velocities

104

Input Code: MS1 MS2 NS1 NS2 Panel No. Type
1 2 1 2 1 Intake
3 4 1 2 5 Intake
4 5 1 2 7 Intake
5 6 1 2 9 Intake
6 7 1 2 11 Intake
7 8 1 2 13 Intake )
8 9 1 2. 15 Intake
16 17 5 6 111. Exhaust
17 18 5 6 113 Exhaust
18 19 5 6 115 Exhaust.
19 20 5 6 117 Exhaust
20 21 5 6 119 Exhaust

48.768
1.2252
288.86  _
1,486 X 10
0.3095
16.165
41787.54
1.5561 X 10
74.563
0.04645
23,750,000

5

Figure 52: Results of blunt-nose Csssna 182 fuselage model (nonuniform

flow, 74.563 KW power, 0.046 m

initial EOA, intake and exhaust ports).




ORIGINAL. PAGE: 1y
OF POOR QUALITY
Analysis Results:

0.72902 . .
(Average cp)inlat - (Average cp>exhaust = (0,3262]
Inlet area, me = 0,07158 Exhaust area, m? = 0,05109 :
Tm/Ti &= 00643 Final EOA' mz .' 0003726 E
c = 0,66847 | ]
Ry E ﬁ
C = 0.44504 % 1
Pyx C ]
]
Pressure CL (w/o wake-body) «.vevierennesnnass 0.00202 § f
Pressure CD (W/O wake—bod)’) LRI B B A N IR S SR 0000690

Frictionc $ 0660800000 00s000n00800000 0B S 0'00666

L
Pressure.CD (with wake-body) ..vvvivnvesneeess 0,0069

Pressure C, (with wake~body) «iviivveernseses. 0.,00199

Total Body CL = 0.00199

Total Body C, = 0.01360

A A

Figure 52: Concluded.
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ORIGINAL PAGE 13
OF POOR QUALITY

: Body Description: Blunt-nose Cessna 182 Fuselage Model
t Flow Description: Nonuniform

PP R

Test Conditions: .

T %,

Freestream velocity (VINF), m/Sec cccocoerocacccnssacsccse 48,768
Freestream density (ROE), KE/m3 ieiiiirertierenaceneenses 1,2252
Freestream temperature (TINF), “K ceuecessurasscnanecccess 288,86 "
Kinematic viscosity (VO), m2/S€C teovesesacscarasscssssces 1,486 X 10
Constant-pressure specific heat of air (CPHA), kJ/kg°K ... 0.3095
Reference area (REFA), M2 ..cceeecersoccasesannscsscsnsces 16,165

; Heat of combustion of fuel (HVF), KJ/Kg ceeesesncssecseses 41787.54 4
4 Specific fuel consumption (SFC), Kg/KJ teeievcoccsncnssess 1,5561 X 10° _
Developed engine power (DEP), kW .cociescvecencccoocnacess 74,563 i
1 Initial effective orifice area (EOA), M2 toeeasessoanseoess 0.,0929 ;
5 Reynold's NUMDBET «evesssecsssossssssssssssascsasscenssesse 23,750,000

ﬁ

|

i (Shaded areas denote ports for air intake and exhaust)
.L

3

\

]

© oy
Y

%
Specification of non-zero nomal velocities j
Input Code: MS1 MS2 NS1 NS2 Panel No. Type
1 2 1 2 1 Intake oo
3 4 1 2 5 Intake : 1
; 4 5 1 2 7 Intake b
‘ 5 6 1 2 9 Intake ]
6 7 1 2 11 Intake ]
7 8 1 2 13 Intake |
8 9 1 2 15 Intake ORK .
16 17 5 6 111 Exhauet ,@Wn IS
17 18 5 6 113 Exhaust TADORMQUANITY
18 19. 5 6 115 Exhaust ]
19 20 5 6 117 Exhaust : !
20 21 5 6 119 Exhaust ]

Figure 53: Results of blunt-nose Cessna 182 fuselage model (nonuniform
flow, 74.563 kW power, 0.093 m2 initial EOA, intake and exhaust ports).
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ORIGIN/AL PRGE 1S
OF_POOR QUAU
Analysis Rosults: , o
= 0,72902 w.-0,32621 ...
(Average C p) inlet (Average cp)exhaust: |
Inlet area, e = 0,07158 Exhaust_area, m2 = 0.05109 - ’
T/T = 0.689 Final EOA, mé = 0.07709 i\ ~
: c = 0.62370 |
: Py |
: . ‘
Pxx |
? Pressure CL (w/o wake-body) seceeserreerccancs 0.0037
r Pressure CD (W/O Wake—body> sa s e s ss eV s s s 0 0'00574
Friction CD O..Q...l......l.. ...0..“. ...... [ N 2 0.00666 ;'
P
Pressure CI (with wake-body) cevesenecnceanans 0.00033
Pressure Cp (with wake-body) seseseseessnasess 0.00578 P
|

Total Body CL = 0,00033

Total Body CD = 0,01244

S PG E Y S RPN FRECIT

Figure 53: Concluded.
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Body Description: Blunt-nose Cessna 182 Fuselage Model
Flow Description: Nonuniform

(Shaded areas denote ports for air intake and exhaust)
Test Conditions:

Freestream velocity (VINF), m/S€c sccsceccosesssrsscnceses 48,768
Freestream density (ROE), kg/m3 iiiiiiiiiiisieiieciiiiess 1,2252
Freestream temperature (TINF), °K ..oeevvvereincnciecnasss 288,86
Kinematic viscosity (VO), m2/S€C scuvseceecosensvenossosnss 1,486 X 10
Constant-pressure specific heat of air (CPHA), kJ/kg°K ... 0.3095
Reference area (REFA), M2 «ve.oeececvnsnssssossssacannsssss 16,165
Heat of combustion of fuel (HVF), KJ/Kg ¢ceeececncsoennees 41787.54 _
Specific fuel consumption (SFC), kg/KJ «ccievrinrceceseoss 1,5561 X 10
Developed engine power (DEP), KW .c.iieccesccncconcasscsss 74,563
Initial effective orifice area (EOA), M2 .iveuvesecnconees 0.9290
Reynold's number .seviveeesesseasossoscssassansasscssesasees 23,750,000

5

4

e e e it . -

]
Specification of non-zero normal velocities
Input Code: MS1 MS2 NS1 NS2 Panel No. Type |
4
1 2 1 2 1 Intake 4
3 4 1 2 5 Intake
4 5 1 2 7 Intake ]
5 6 1 2 9 Intake ORIGIN
6 7 1 2 11 Intake *
7 8 1 2 13 Intake CF P()le' PAgp 1
8 9 1 2 15 Intake QUAL Ty
16 17 5 6 111 Exhaust
17 18 5 6 113 Exhaust
18 19 5 6 115 Exhaust
= 19 20 5 6 117 Exhaust . ]
20 21 5 6 119 Exhaust

Figure 54: Results of blunt-nose Cessna 182 fuselage model (nonuniform
flow, 74.563 kW power, 0.929 m? initial EOA, intake and exhaust ports).
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Analysis Results: _ . 1
= 0,72902 o : . N ;
(Average Cp)inlet: e {AVeTEgGE Cp)exhaust-_.,. 0.32621 - j
Inlet area, n? =- 0,07158 Exhaust area, m2 = 9,05109 :
TJT = 0.708 Final EOA, mé =. 0.78153 \ -
c = 0.59344
px
c = 0.59230
pxx :

Pressure CL_(w/o wake-body) c:ieesssessasessss =0,00069

Presﬁur_e CD (W/O wake-bod)’) e 080 380 80 8000 0000493

Frictionc © 8008 0850 00888 s e PPEEs LIRSS 0000666

D

Pressure CL (with wake-body) teresencasesessss =0.00073

Pressure C (with wake-body) .eceseeneccnnenns 0.00574

e S v A e 10

Total Body CL = =0,00073

Total Body CD = 0.01240

Figure 54: Concluded.
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CONCLUSTONS

ue has been developed which can yield phySically-accéptable

1. A techniq
reraft bodies.

skin-friction and pressure drag coefficients for {solated light ai
the technique has predicted drag reductions as much as

2, For test cases,
acements and sizing of the coo

ling air

28.5% by body recontouring and proper Pl

intakes and exhausts.
dicted total drag coefficient
that obtained by Holmes [16]

for the ATLIT airplane using this

3.  The pre
using other

approach was only 2.3% larger than
present work pertained to fuselage and nacelle drag pre~

techniques. Since the
dentical to

craft components were made i

dictions, drag contributed from other air

those of Holmes.
ms of ring vortices appears to

4. Simulating the propeller flow by syste
ted bodies. The equivalent ¢

ircular-body

be adequate for use with most isola
able for wide flat bodies. In such cases, an ellipsoidal- —

concept may be unsuit

body concept would be preferable.

|
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